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PREFACE 

This  report  describes  work  that  was  conducted  during  the  period  June  1982 
to  August  1984.  The  efforts  was  initiated  by  the  Metals  and  Ceramics  Division 
of  the  Materials  Laboratory  under  the  leadership  of  Mr  W.M.  Griffith  who  was 
responsible  for  organizing  and  coordinating  the  cooperative  test  program.  The 
work  herein,  which  consisted  of  sorting,  compiling,  and  analyzing  mechanical 
property  test  data,  was  performed  by  the  Materials  Engineering  Branch 
(AFWAL/MLSE) ,  Systems  Support  Division,  Materials  Laboratory,  Air  Force  Wright 
Aeronautical  Laboratories,  Wright-Patterson  Air  Force  Base,  Ohio,  under 
Project  2418,  "Metallic  Structural  Materials,"  Task  241807,  "Systems  Support," 
Work  Unit  24180703,  "Engineering  and  Design  Data." 
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SECTION  I 
INTRODUCTION 


Powder  metallurgy  processing  of  materials  has  been  intensively  pursued  by 
the  aerospace  community  for  about  a  decade  and  is  motivated  by  the  cost 
savings  and/or  improved  mechanical  properties  that  can  be  obtained  by  this 
method  of  producing  materials  compared  to  ingot  metallurgy  technology.  High 
temperature  nickel  base  alloys  for  gas  turbine  engines  have  been  routinely 
produced  by  P/M  (powder  metallurgy)  methods  for  a  number  of  years  and  titanium 
P/M  parts  are  gaining  acceptance.  Similarly,  aluminum  alloy  P/M  parts  are 
being  flown  on  a  limited  number  of  aircraft. 

As  part  of  the  continued  involvement  of  the  Materials  Laboratory  in  the 
development  of  P/M  technology  an  effort  was  initiated  in  1981  to  develop  a 
database  on  P/M  structural  aluminum  alloys  that  were  considered  to  be  the 
first  generation  products.  The  effort,  which  involved  many  Air  Force  prime 
contractors  and  P/M  aluminum  supplies,  was  targeted  to  have  a  dual  payoff. 

The  first  was  the  development  of  a  broad  mechanical  property  data  base  which 
could  be  used  by  industry  to  gain  an  understanding  of  the  structural 
applications  best  suited  for  these  materials.  This  data  base  would  also 
shorten  the  lead  time  individual  companies  would  need  to  start  designing  with 
the  products.  The  second  payoff  was  that  each  participating  airframer  was  to 
use  the  data  base  to  perform  a  cost-benefit-analysis  to  identify  those 
products  and  classes  of  alloys  that  demonstrate  greatest  potential  to  increase 
performance  or  decrease  cost  of  a  system.  The  analysis  was  to  be  used  to 
target  specific  areas  for  additional  research  emphasis. 

A  kick-off  meeting  was  organized  by  the  Metals  and  Ceramics  Division  for 
the  fall  of  1981.  Mr  Walt  Griffith  of  the  Materials  Laboratory  served  as 
facilitator  for  the  meeting  and  subsequently  acted  as  the  focal  point  for  all 
interaction  between  government  and  industry.  At  the  meeting,  participants 
agreed  to  support  the  effort  by  performing  mechanical  property  tests  and  conducting  the 
cost-benefit-analysis.  The  tests  included  basic  mechanical  properties 
(tension,  compression,  etc.)  and  fatigue  related  properties  (S/N,  da/dN). 

Corrosion  testing  was  left  to  the  individual  company  as  was  spectrum  fatigue 
testing.  ALCOA  volunteered  to  evaluate  the  corrosion  properties  of  all 
materials.  A  list  of  participants  is  shown  in  Table  1. 
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Materials  were  supplied  by  ALCOA  and  Novamet.  The  resulting  mechanical 
property  data  from  each  participant  was  sent  to  the  Systems  Support  Division 
of  the  Materials  Laboratory  to  be  compiled  into  data  bases  for  each  alloy/ 
product  form  from  which  estimates  of  design  allowables  were  obtained.  The 
complete  data  base  along  with  the  estimated  design  allowables  were  supplied  to 
all  involved  organizations. 

This  report  documents  the  mechanical  property  data  obtained  from  the 
cooperative  effort.  Comparisons  to  other  materials,  and  ranking  of  materials, 
is  generally  avoided  since  each  potential  application  must  be  based  on  a 
comparison  to  the  other  particular  candidates  for  a  part.  The  results  of  the 
cost-benefit-analysis  have  not,  and  will  not,  be  formally  documented  in  the 
literature  inasmuch  as  it  was  intended  as  a  planning  guide. 
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SECTION  II 
MATERIALS  AND  TESTS 


Aluminum  P/M  materials  are  classified  into  three  broad  categories  that 
reflect  the  optimized  characteristic  of  the  alloy/processing.  These  cat¬ 
egories  are  high  strength,  high  temperature,  and  low  density.  Materials  used 
in  this  cooperative  effort  fall  into  the  high  strength  category  which  is 
intended  to  save  structural  weight  when  used  instead  of  current  I/M  aluminum 
alloys.  Table  2  contains  the  product  forms,  alloys  and  suppliers. 


Basic  mechanical  tests  along  with  fatigue,  fatigue  crack  growth,  spectrum 
fatigue  and  stress  corrosion  tests  were  performed  by  the  participants.  When 
available,  ASTM  standards  were  used  for  testing.  For  other  tests  a  laboratory 
used  its  current  procedures.  Emphasis  was  on  room  temperature  properties. 


SECTION  III 

PRESENTATION  AND  ANALYSIS 


The  Intent  of  the  effort  was  not  to  compare  the  materials  to  other 
structural  aluminums  but  to  present  data  and  give  an  estimate  of  design 
allowables.  These  allowables  were  used  by  industry  to  perform  a  cost  benefit 
analysis  based  on  a  comparison  to  their  currently  used  alloys. 

Each  participant  compiled  a  data  package  which  sometimes  contained 
extensive  discussion  and  in  other  cases  contained  only  the  data  itself.  As 
the  packages  were  received,  the  tensile,  compression,  bearing,  shear,  and 
fracture  toughness  data  were  extracted  and  compiled  in  tables  by  alloy, 
property  and  orientation.  Fatigue,  fatigue  crack  growth,  and  spectrum  fatigue 
data  were  prepared  in  tabular  and  graphical  form.  Stress  corrosion  results 
were  prepared  as  tabular  results  and  written  descriptions. 

Several  standard  approaches  were  evaluated  for  determining  design 
allowables  for  the  basic  mechanical  properties,  but  ultimately  an  engineering 
approach  was  used.  This  method  was  dictated  because  of  the  limited  number  of 
data  points  in  any  particular  set  and  the  need  to  eliminate  obvious  outlieres. 
The  preferred  approach  would  have  been  to  use  the  methods  of  MIL-HDBK-5,  but 
the  calculated  allowables  would  have  been  unrealistically  low  (MIL-HDBK-5 
details  procedures  for  calculating  "A"  and  "B"  allowables  which  have  95 
percent  confidence  that  99  percent  and  90  percent,  respectively,  of  the 
population  will  equal  or  exceed  the  allowable).  Once  the  99  and  90  percent  of 
population  allowables  were  observed  to  be  impractical  a  different  population 
was  investigated,  that  being  the  75  percent  population.  Even  with  this 
reduced  population  it  was  obvious  the  values  were  still  unreal isticly  low  for 
very  small  data  sets.  However,  for  moderate  size  data  sets  (9-15  data  points) 
this  allowable  corresponded  closely  to  the  lowest  value  in  the  data  set  which 
one  might  expect  to  be  close  to  a  design  allowable.  Consequently,  it  was 
decided  that  for  all  groups  of  data  the  procedure  would  be  to  first  calculate 
a  value  of  an  allowable  based  on  the  MIL-HDBK-5  procedure  except  for  using  75 
percent  of  the  population  and  then  compare  this  to  the  lowest  value  in  the 
set;  the  higher  of  the  two  would  be  the  suggested  allowable. 
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For  the  fatigue  data  analysis,  a  MIL-HDBK-5  equation  was  used  to  give  a 
mean  trend  best  fit.  Preliminary  results  found  this  to  be  inadequate  for 
fitting  data  sets  that  exhibited  scatter  since  it  often  resulted  in  curves 
that  turned  vertically  in  the  high  and  low  cycle  regions.  The  approach  that 
was  used  in  the  case  of  scattered  fatigue  data  was  to  define  a  point  to  force 
the  curve  to  pass  through.  This  point  was  chosen  to  be  at  107  cycles  and  the 
lowest  stress  value  for  which  a  failure  occurred  in  the  data  set.  Run  outs 
were  eliminated. 

The  analysis  of  fatigue  crack  growth  data  used  a  mean  trend  that  was 
developed  from  a  segmented  spline  fit  as  used  in  the  Damage  Tolerant  Design 
Handbook.  From  the  spline  fit,  tabular  data  were  derived  and  presented  as 
suggested  design  allowables.  However,  7091  sheet  crack  growth  data  was  not 
evaluated  using  the  spline  fit  and  therefore  no  tabular  data  is  reported. 

This  is  due  to  the  sheet  data  coming  in  after  the  bulk  of  the  data  had  been 
fitted  and  the  analysis  system  was  not  available. 

Spectrum  crack  growth  results  were  ranked  against  baseline  I/M  alloys 
which  are  considered  state-of-the-art  wrought  structural  materials.  FALSTAFF 
and  mini-TWIST  spectrums  were  the  spectra  most  often  used  in  these  tests. 
Stress  corrosion  results  are  given  in  tabular  and  descriptive  form  almost 
exactly  as  they  came  from  the  participants. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


There  are  nine  appendices  to  this  report  each  containing  the  results  for 
a  specific  alloy  and  product  form.  Table  3  lists  the  form,  P/M  alloy  and  the 
appendix  for  the  nine  combinations. 


Table  3 

Contents  of  Appendices 


Form 

P/M  Alloy 

Appendix 

Forging 

7091-T7E78 

A 

Forging 

7090-T7E80 

B 

Forging 

IN-9021 

C 

Extrusion 

7091-T7E69 

D 

Extrusion 

7090-T7E71 

E 

Extrusion 

IN-9021 

F 

Plate 

7091-T7E69 

G 

Plate 

7090-T7E71 

H 

Sheet 

7091-T7E69 

I 

Some  of  these  materials  had  processing  histories  that  could  affect  the 
subsequent  results.  Also,  some  of  the  testing  was  performed  using  unique 
conditions.  In  light  of  the  significance  of  such  information  it  was  included 
on  the  front  page  of  the  appropriate  appendix.  The  body  of  each  appendix 
starts  with  a  list  of  suggested  design  allowables  followed  by  the  basic 
mechanical  properties  (tensile,  compression,  bearing,  shear  and  fracture 
toughness),  fatigue,  fatigue  crack  growth,  spectrum  fatigue,  and  stress 
corrosion  properties.  All  data  submitted  by  the  participants  are  included. 

The  suggested  allowables  were  no  more  than  what  is  implied,  i.e.,  sug¬ 
gested.  Each  participant  was  encouraged  to  develop  design  values  based  on 
their  own  procedure  for  dealing  with  a  small  data  base  if  they  felt  their 
allowable  calculation  would  be  better.  One  must  keep  in  mind  that  the  purpose 
for  the  suggested  values  was  to  use  them  for  a  cost-benefit-analysis.  They 
are  not  based  on  a  data  set  of  sufficient  size  to  be  used  to  design  actual 
hardware.  It  will  be  observed  by  inspection  of  the  data  base  they  are  at  best 
an  attempt  to  assess  the  potential  quality  of  the  materials. 
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Appendix  A  contains  the  data  for  7091  forgings  and  is  typical  of  the 
other  appendices.  Therefore  subsequent  discussion  will  be  limited  to  this 
section.  The  tensile  data  for  the  longitudinal  direction  is  comprised  of 
seventeen  data  points,  which  is  one  of  the  larger  sets  developed  in  this 
program.  The  short  transverse  shear  data  set  is  comprised  of  five  data 
points,  typical  of  some  of  the  smaller  sets.  Since,  MIL-HDBK-5  requires 
hundreds  of  points  for  calculating  an  "A"  or  "B"  allowable  it  is  obvious  the 
suggested  allowables  are  not  close  to  meeting  the  requirements. 

The  fatigue  data  is  presented  graphically  and  in  tabular  format,  the 
latter  allowing  those  interested  to  perform  their  own  analysis  and/or  add  it 
to  another  data  base.  The  first  figure,  1A,  exemplifies  a  well  behaved  group 
of  data  that  was  easy  to  fit.  Figure  2A,  however,  typifies  the  type  of  data 
that  prompted  the  decision  to  induce  the  fitted  curve  to  go  through  a  point 
close  to  10^  cycles  and  the  lowest  stress  value  for  which  a  failure  occurred. 
Doing  this  is  quite  risky  in  that  some  specimens  that  failed  at  relatively  low 
stresses  are  ignored.  Hopefully,  the  curve  does  represent  the  potential  for 
the  material  and  a  cost-benefit-analysis  would  be  fairly  accurate  for  future 
lots  of  the  product.  It  is  clear  that  designing  based  on  the  curve  would  be 
inappropriate. 

Most  fatigue  data  was  generated  at  an  R-ratio  of  0.1,  but  there  are  a  few 
curves  for  other  stress  ratios.  Considerable  work  was  done  on  smooth  samples 
with  a  fair  amount  of  data  for  a  stress  concentrations  close  to  or  equal  to 
three.  No  higher  stress  concentrations  were  tested. 

Constant  amplitude  fatigue  crack  growth  rate  data  is  also  presented  in 
graphical  and  tabular  form.  But,  there  is  one  big  difference  in  the  tabular 
results  in  that  they  are  not  actual  test  data  but  a  best  fit  approximation  to 
the  crack  growth  rate  curves.  In  Figure  A5  the  disjointed  points  in  the  top 
left  graph  have  a  line  fitted  to  them  which  was  the  basis  for  the  data  in 
Table  A19.  This  data  has  an  abnormal  appearance  and  consequently  the  fit  is 
very  poor.  Similarly,  the  data  in  the  top  right  graph  has  much  more  scatter 
than  would  normally  be  expected.  The  fatigue  crack  growth  rate  curves  in 
Figure  A6  are  more  typical  of  P/M  aluminums,  exhibiting  little  scatter. 

The  last  two  types  of  data  are  spectrum  fatigue  and  corrosion. 

Preceding  these  are  few  explanatory  paragraphs  conveying  information  that 


8 


is  not  necessarily  included  in  the  graphical  and  tabular  presentations  of 
these  data.  Spectrum  fatigue  tests  in  Figures  A13  and  A14  showed  the  7091  to 
be  superior  to  7050-T76.  However,  the  7091  forging  that  was  tested  by 
McDonnell  Douglas,  St  Louis  MO,  compared  7091  with  7050-T73.  The  7091  was 
inferior  to  the  7050-T73. 

Stress  corrosion  and/or  exfoliation  tests  were  performed  on  each  alloy/ 
product  form.  All  P/M  aluminum  alloys  displayed  good  corrosion  resistance. 
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SECTION  V 


CONCLUSIONS 

Twelve  aerospace  laboratories  participated  in  developing  an  extensive 
data  base  on  first  generation  P/M  structural  aluminums.  From  this  base 
estimates  of  the  mechanical  properties  that  are  typical  for  these  materials 
were  obtained.  The  effort  was  successful  for  the  intended  purpose  of 
assessing  the  applications  suitable  for  the  material.  The  data  itself  is  not 
sufficient  to  develop  design  allowables  for  inclusion  in  MIL-HDBK-5  or  for 
design  but  can  serve  as  a  start  toward  that  end.  Some  data  showed  an 
inordinate  amount  of  scatter  and  nonhomogenity  which  may  be  eliminated  by 
manufacturing  controls.  Future  efforts  on  similar  materials,  or  second 
generation  materials,  should  focus  on  a  less  broad  spectrum  of  alloys  and 
forms  and  be  targeted  toward  a  more  indepth  study  of  each  property. 


APPENDIX  A 
7091-T7E78  FORGINGS 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  In  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ _ _ 
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TABLE  A1 

SUGGESTED  ALLOWABLES  FOR 
7091-T7E78  FORGINGS:  2-1/2  x  6" 


F 

cy 


F 


bu* 


K 


IC’ 


KS I 

L 

76.8 

LT 

75.6 

ST 

74.2 

KSI 

L 

68.4 

LT 

64.9 

ST 

61.9 

KSI 

L 

69.9 

LT 

68.3 

ST 

70.1 

KSI 

L 

40.1 

LT 

40.3 

ST 

38.9 

KSI 

L 

(e/D  =  1.5) 

119.0 

(e/D  =  2.0) 

154.9 

LT 

(e/D  =  1.5) 

119.5 

(e/D  =  2.0) 

151.2 

KSI 

L 

(e/D  =  1.5) 

106.1 

(e/D  =  2.0 

116.8 

LT 

(e/D  =  1.5) 

103.6 

(e/D  =  2.0) 

117.0 

KSI  7TFT 

LT 

26.8 

TL 

15.9 

SL 

18.4 

NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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TABLE  A2 


7091 -T7E78  FORGINGS: 
TENSILE 


COMPANY 

TEST  n 

ORIENTATION 

ULT 

YIELD 

ELONG 

TEMP  °F 

STR 

STR 

% 

KSI 

KSI 

McDonnel 1 

RT 

Long 

77.3 

68.7 

11.6 

Douglas-CA 

79.6 

68.4 

12.3 

77.3 

69.3 

11.5 

Rockwel 1 

78.7 

71.0 

13.7 

77.5 

68.6 

14.0 

79.1 

70.4 

13.6 

McDonnel 1 

83.0 

74.5 

12 

Douglas-ST  L. 

83.0 

75.0 

12 

83.5 

74.5 

14 

ALCOA 

77.0 

68.8 

12.5 

80.2 

71.5 

13.0* 

77.4 

68.5 

13.5* 

Boeing 

78.7 

70.1 

11.8 

76.8 

69.3 

14.0 

AFWAL 

80.3 

72.7 

14.8 

78.0 

70.2 

13.6 

79.3 

71.9 

13.7 

*  Internal  discontinuity 
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TABLE  A3 


7091 -T7E78  FORGING 
TENSILE 


COMPANY 

TEST 

JEMP 

ORIENTATION 

ULT 

STR 

KSI 

YIELD 

STR 

KSI 

ELONG 

% 

McDonnell 

RT 

TRANS 

77.4 

66.4 

6.5 

Douglas-CA 

75.5 

64.2 

10.9 

76.8 

67.3 

11.4 

Rockwel 1 

77.2 

67.1 

13.5 

78.1 

66.5 

13.6 

78.0 

67.3 

12.3 

McDonnell 

80.0 

70.5 

8.0 

Douglas,  ST.  L 

81.5 

72.0 

8.0 

81.0 

72.5 

11.0 

ALCOA 

76.2 

66.2 

10.5 

79.0 

68.8 

12.5 

77.3 

67.3 

12.5 

Boeing 

77.0 

69.3 

4.7 

76.4 

66.6 

11.6 
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TABLE  A4 


7091 -T7E78  FORGING 
TENSILE 


COMPANY 

TEST 

TEMP 

ORIENTATION 

ULT 

STR 

KSI 

YIELD 

STR 

KSI 

ELONG 

% 

McDonnel 1 

RT 

S. TRANS 

76.6 

64.1 

10.6 

Douglas-CA 

76.8 

64.6 

8.6 

76.2 

64.1 

10.0 

Rockwel 1 

76.6 

62.5 

7.5 

76.0 

62.6 

7.8 

75.9 

64.2 

7.5 

McDonnel 1 

76.5 

63.5 

10.0 

Douglas,  ST.  L 

77.0 

64.5 

10.0 

80.5 

66.6 

10.0 

ALCOA 

73.6 

61 .8 

7.0 

76.3 

63.3 

9.0 

75.3 

62.9 

8.0 

TABLE  A17 


FATIGUE  RESULTS  FOR  7091  FORGINGS:  R  =-0.4,  Kt  =  2.6 


STRESS 

PSI 

CYCLES 

FAIL  (1) 
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FigureA3.  Fatigue  Results  for  7091  Forgings;  R  =~0.4, 


TABLE  A16 


FATIGUE  RESULTS  FOR  7091  FORGINGS:  R  =  0.1,  Kt 


Stress 

Cycles 

Fail  (1) 

PS  I 

No 

Fail  (0) 

3R9C0 

10000000 

G 

4  2  P  0  C 

781  C  0 

1 

4  4  7  0  r 

5000000 

i 

45000 

1  06906  00 

0 

4  t;  n  n  n 

! 55341 50 

0 

4  67  00 

1600  00  0 

1 

47m 

179600  0 

1 

47  n  n  0 

11903250 

0 

4qr>r  p 

87973  0  0 

1 

49000 

1554 19  00 

0 

5mo 

240000  9 

1 

510  0  0 

635250  0 

0 

C  ?c ;  nn 

2100000 

1 

53:00 

1659700 

0 

21748 

1 

57000 

3161 70  0 

1 

▲ 

5  P  4  "  T 

126200 

1 

6  3  G  c : 

360  C  P  0 

1 

6  3  0  0  0 

3961  CO 

1 

(,-000 

22350 

1 

(.cnnft 

290  7  n 

1 

6  r  0  0  0 

205200 

1 

£  <.  2  ^  n 

193  6'’ 

1 

6  7  0  C  0 

310300 

1 

6700C 

738000 

1 

6  n  0  0  0 

5  9907 
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785  * 
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TABLE  A15 


FATIGUE  RESULTS  FOR  7091  FORGINGS:  R  =-1.0,  Kt  =  1.0 


Stress 

PS  I 

Cycles 

Fail  (1 ) 

No  fail  (0) 

1019f.9  r 

l 

27500 

134120  c 

1 

<t  ?  o  o  o 

269 1  9 

l 

4^000 

44634 

l 

4  >'000 

46071 

l 

6  n  0  0  0 

187  6 

l 

c  *  r\  fi  n 

182£ 

i 

£0000 

2596 

l 

£^000 

5  39 

l 

72000 

297 

l 
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TABLE  A14 


7091-T7E78  FORGING 
FRACTURE  TOUGHNESS,  KJC 


COMPANY 

ORIENTATION 

KIC 

KSI  \pN 

kq 

ksi^TT 

COMMENT 

McDonnel 1 
Douglas-CA 

S-L 

18.4 

22.1 

Valid 

Valid 

McDonnell 

St  L. 

20.3 

26.4 

Valid 

Valid 

ALCOA 

31.5 

26.2 

40.8 

Valid 

Valid 

Invalid  specimen  not  thick 
enough  and  fatigue  crack  too 
short 

Rockwel 1 

T-L 

16.5 

Invalid  Sec  11.2.3  B645 

15.7 

Valid 

McDonnel 1 

18.6 

Valid 

St.  L 

20.2 

Valid 

ALCOA 

22.8 

Valid 

19.4 

Valid 

23.2 

Valid 

Boeing 


15.9 


TABLE  A13 


7091 -T7E78  FORGING 
FRACTURE  TOUGHNESS,  KjC 


COMPANY 

ORIENTATION 

KIC 

KsiyrR 

v 

KSI/IN 

COMMENT 

McDonnel 1 

L-T 

35.7 

Failed  crack  plane  angle 

Douglas-CA 

30.2 

II  II  II  ll 

Rockwel 1 

26.3 

Invalid  crack  deviation 

notch  plane  more  10° 

24.8 

II  II  ll 

McDonnell 

27.7 

Valid 

St.  L 

27.0 

Valid 

ALCOA 

30.2 

Valid 

26.8 

Valid 

37.3 

Valid 

Boeing 

27.8 

24 


TABLE  A12 

7091-T7E78  FORGING 
BEARING 


COMPANY 

ORIENTATION 

e/D 

BEARING 

ULT 

KSI 

BEARING 

YIELD 

KSI 

McDonnell 

LONG 

2.0 

168.4 

132.3 

Douglas-CA 

157.2 

124.6 

Rockwel 1 

164.1 

116.9 

158.9 

113.4 

163.0 

116.8 

McDonnell 

_ 

126.0 

Douglas-St.L. 

t 

175.0 

127.0 

171.0 

123.0 

ALCOA 

158.0 

128.3 

156.2 

126.8 

154.9 

122.2 

McDonnel 1 

TRANS 

2.0 

168.6 

133.9 

Douglas-CA 

170.9 

132.6 

Rockwel 1 

163.2 

117.9 

168.7 

120.4 

168.2 

118.2 

McDonnell 

162.0 

126.0 

Douglas-St.  L. 

158.0 

117.0 

160.0 

119.0 

ALCOA 


150.4 

152.4 


125.3 

125.1 


[ABLE  All 


7091 -T7E78  FORGING 
BEARING 


COMPANY 

ORIENTATION 

e/D 

BEARING 

ULT 

KSI 

McDonnel 1 
Douglas-CA 

Long 

1.5 

134.0 

128.9 

ALCOA 

119.5 

124.9 

119.0 

Boeing 

121.6 

126.1 

BEARING 

YIELD 

KSI 


107.5 

106.7 

109.3 

106.1 


TABLE  A10 


COMPANY 


McDonnel 1 
Douglas-CA 


7091-T7E78  FORGING 
SHEAR 


ORIENTATION 


SHEAR 
STRENGTH 
KSI 


S. TRANS  42.6 

41.9 


TABLE  A9 


7091-T7E78  FORGING 
SHEAR 


COMPANY 


ORIENTATION 


SHEAR 

STRENGTH 


TABLE  A6 


7091-T7E78  FORGING 
COMPRESSION 


COMPANY 


ORIENTATION 


COMP 

YIELD  STR 
KSI 


McDonnell  TRANS 

71.4 

Douglas-CA 

70.0 

69.9 

Rockwel 1 

70.3 

70.8 

70.5 

McDonnel 1 

72.5 

Douglas,  ST.  L. 

73.5 

76.5 

ALCOA 

69.6 

70.8 

68.8 

Boeing 


72.1 

71.8 
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Figure  A4.  Fatigue  Results  for  7091  Forgings; 


TABLE  A18 


FATIGUE  RESULTS  FOR  7091  FORGINGS:  R  =  0.1,  Kt  =  3.0 
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TABLE  A19 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  A5  INDICATING  EFFECT 
OF  STRESS  RATIO 


Boeing,  McDonnell  Douglas-CA,  McDonnell  Douglas  St.  L  and  Rockwell 
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CONDITION/HT:  T7E78 
F  ORM:  2.  50" TH  FORGING 

SPECIMEN  TYPE:  CT 
ORIENTATION:  L-T 
FREQUENCY:  10.00-  25.  00  HZ 

ENVIRONMENT:  R.  T.  .HI  HUMIDITY 


YIELD  STRENGTH:  69.  6  KSI 
ULT.  STRENGTH:  70.  2  KSI 
SPECIMEN  THK:  0.251" 
SPECIMEN  WIDTH:  1.  999" 
REFERENCES: 


ALUM. 

ALLOY 


TABLE  A20 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  A6  INDICATING  EFFECT 

OF  STRESS  RATIO 

ALCOA 
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CONDITION/HT:  T7E78 
FORM:  2.  50"TH  FORGING 

SPECIMEN  TYPE;  CCP 
ORIENTATION  L-T 
STRESS  RA  NO:  +0.10 
FREQUENCY:  1-  00-  20.  00  H7. 


YIELD  STRENGTH:  74.  5  KSI 
ULT.  STRENGTH:  83.  0  KSI 
SPECIMEN  THK:  0.252-  0.256" 

SPECIMEN  WIDTH:  3.913-  3.919" 

REFERENCES: 


ALUM. 

ALLOY 


TABLE  A21 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  A7  INDICATING  EFFECT 

OF  ENVIRONMENT 

McDonnell -Douglas  St.L 
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CONDI  HON/HT:  T7E78 
FORM  2.  L>0"TH  FORG'MG 
P|  GIMI-N  TYPE:  CT 
OUlTM  TATION:  T-L 
i  REGUENCY:  1.00-  -  j.  00  HZ 

IVIRONMENT.  R.  T.  .  L  \i3  AIR 


YIELD  STRENGTH:  70.  0-  72.  0  KSI 

ULT.  STRENGTH:  78.  4-  81.  0  KSI 

SPECIMEN  THK:  0.248-  0.494" 

SPECIMEN  WIDTH:  1.954-  2.999" 

REFERENCES: 


ALUM. 

ALLOY 


7091 
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Figure  Aa  Fatigue  Crack  Growth  Rate  Data  for  7091  Forgings ;  McDonnel 1 -Douglas-St.L 
and  Rockwel 1 
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FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS  OF 
STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  A8  INDICATING  EFFECT 

OF  STRESS  RATIO 


McDonnell  Douglas-St.  L  and  Rockwell 
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CONDITION/MT:  T7E78 

FORM:  2.  50"TH  FORGING 

SPECIMEN  TYPE:  CT 

ORIFNTATION:  T-L 

FREQUENCY:  10.00-  25.00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  67.  4  KSI 
ULT.  STRENGTH:  77.  5  KSI 
SPECIMEN  THK:  0.  250-  0.  251 " 

SPECIMEN  WIDTH:  1.  997-  1.  998H 

REFERENCES: 


ALUM. 
ALLOY  j 


uipu ' i  ■jpk.  im 


TABLE  A23 

FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  A9  INDICATING  EFFECT 

OF  STRESS  RATIO 
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iqure  A10.Fatigue  Crack  Growth  Rate  Data  for  7091  Forgings; 
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TABLE  A24 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS  OF 
STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  AlO  INDICATING  EFFECT 

OF  STRESS  RATIO 

McDonnell  Douglas-St.L 
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FAL5TAFF  SPECTRUM  USING  A  100%  TLS  OF  30  KSi  (SPECIMEN  10L-7050-rAL 


N  PLOT  FOR  AN  X7Q91-T7E78  ALUMINUM  ALLOY  HAND  FORGING  SUBJECTED.  Tj 
rALSTAIT  SPECTRUM  USING  A  100%  T[.S  OF  fl5  KS I  (SPECIMEN  10L-SF3-FAL 


NUMBER  OF  FLIGHTS  N 

FIGURE  A17.  a  VS  N  PLOT  FOR  AN  X7Q91-T7F78  ALUMINUM  ALLOY  HAND  FORGING  SUBJECTED  TO 
THE  FALSTAFF  SPECTRUM  USING  A  IQOX  TLS  OF  30  K51  (SPECIMEN  10L-SF2-EAL) 
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Flqure  A15.  Specimen  used  by  McDonnell -Douql as  to  Generate  Data  In 
Figures  A16  thru  A23 . 


7090- T7E80  Forging 

7091- T7E78  Forging 
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A14.  Crack  Length  Versus  Flights  Record  for  7091  Forging  Under  Mini-TWIST 
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Figure  A13.  Crack  Length  Versus  Flights  Record  for  7091  Forging  Under  FALSTAFF 
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Figure  A12.  Specimen  used  to  Generate  Data  in  Figures  A13  and  A14. 


SPECTRUM  FATIGUE  CRACK  GROWTH 


Two  different  investigations,  using  four  different  spectra,  evaluated 
7091  forgings.  Although  both  investigations  employed  the  FALSTAFF 
spectrum,  one  was  a  modified  (truncated)  version.  The  study  conducted  at  the 
Materials  Laboratory  used  the  standard  FALSTAFF  and  (Standard)  mini-TWIST. 
Results  were  compared  to  similar  results  for  7050-T76  plates.  The  FALSTAFF 
tests  showed  the  7091  forgings  to  have  a  slightly  longer  life  while  the 
mini-TWIST  results  showed  a  significantly  longer  life  for  the  7091.  These  are 
shown  in  the  attached  figures  which  include  a  specimen  drawing. 

McDonnell,  St  Lojis,  used  a  FALSTAFF  and  a  fighter  wing  root  spectrum 
called  TSTROOT.  Tests  of  7091  were  performed  at  three  stress  levels  for  each 
spectrum  while  companion  tests  on  7050-T73651  plate  were  performed  at  one 
stress  level  for  each  spectrum.  Comparing  flights  to  failure  for  the  one 
stress  the  7050  plate  has  a  slightly  better  life  using  the  FALSTAFF  spectrum 
and  a  significantly  better  life  for  the  TSTROOT  spectrum.  Some  of  the  data 
was  normalized  in  terms  of  crack  growth  per  flight  and  maximum  stress 
intensity  during  the  spectrum  and  are  shown  in  the  attached  two  figures.  Here 
the  different  responses  to  the  two  spectra  are  not  so  apparent,  but  it  does 
appear  that  the  first  pass  through  the  TSTROOT  spectrum  by  the  7091  displayed 
an  overly  fast  growth  rate  which  may  have  affected  the  total  flights  to 
failure.  All  of  the  data  from  these  tests  are  attached. 

CORROSION 

Three  companies,  ALCOA,  Boeing  and  McDonnell -Douglas ,  St  Louis,  tested 
the  material  in  the  short  transverse  direction  for  stress  corrosion  cracking. 
The  lowest  reported  failure  occurred  at  40  KSI. 
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FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  All  INDICATING  EFFECT 

OF  STRESS  RATIO 
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iqure  A24.  Spectrum  Data  from  McDonnell -Douglas  Reduced  in  Term  of 
Crack  Growth  Rate.  gj 
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CORROSION  RESULTS  FROM  ALCOA 


Table  A26  lists  the  results  of  a  30-day  exposure  to  3-l-s%  sodium 
chloride  by  alternate  immersion  of  triplicate  short-transverse  3.1  mm 
(1/8")  diameter  by  51  mm  (2")  long  tensile  bars  removed  from  7091-T7E78 
alloy  hand  forgings.  The  tensile  bars  were  stressed  to  two  stress  levels 
172  MPa  (25ksi)  and  310  MPa  (45ksi).  No  failures  were  encountered  in  any 
case  with  the  stressed  tensile  specimens. 


TABLE  A26 

Corrosion  Results  From  ALCOA 


PERFORMANCE  OF  SHORT  TRANSVERSE  3.1  mm  (1/8")  DIAMETER 
SMOOTH  TENSILE  BARS  WHICH  WERE  REMOVED  FROM  7090  AND 
7091  HAND  FORGINGS  (1),  STRESSED  AND  EXPOSED  30  DAYS 
TO  3-1/2%  SODIUM  CHLORIDE  BY  ALTERNATE  IMMERSION  (2) 


S.  NO. 

Alloy 

Temper 

Stress  Level 
(ksi/MPa) 

No.  Failures/No. 
Specimens  Tested 

513910-2-16 

7090 

T7E80 

25/172 

0/3 

513910-2-16 

7090 

T7E80 

45/310 

0/3 

513910-7-11 

7090 

T7E80 

25/172 

0/3 

513910-7-11 

7090 

T7E80 

45/310 

0/3 

513825-10-18 

7091 

T7E78 

25/172 

0/3 

513825-10-18 

7091 

T7E78 

45/310 

0/3 

513825-26-13 

7091 

T7E78 

25/172 

0/3 

513825-26-13 

7091 

T7378 

45/310 

0/3 

NOTES:  (1)  Hand  forgings  were  63  mm  x  152  mm  x  610  mm  (2-1/2"  x 
6"  x  24")  in  size  and  were  produced  in  Cleveland 
from  50  kg  (110  lb)  billets  sawed  in  half. 

(2)  3-1/2%  sodium  chloride  alternate  immersion  tests  was 

conducted  in  accordance  with  ASTM  G44-75. 


Durability  Properties  of  Aluminum  P/M  Products 

Results  From  BOEING. 
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(a)  T6X:  solution  treated,  quenched,  stretched  4%,  artlflcally  aged 

(b)  T6Y:  solution  treated,  quenched,  artlflcally  aged 


.375  +  .03 


I 

1  I  ' 


0.50  +  .005 
iGauge 


1.50  +  .06 


1  1 
!  1 ! 


- DIA.  +  .001  TO  +  .0Q3 

-  .125  ±  .005  DIA. 

- DIA.  +  .001  TO  +  .003 

/^.125  +  .06  R.  TIP. 


#10-32  UNF  Thread  , 

PS?.  K1L-S-7742.  TIP.  22V 


TOTES: 


1.  ALL  ESQUIRED  K2AT  TPZATIZKT  SHALL  32  FE3F0EMED  PRIOR  TO  FIRISH 
KACKINIUG. 

2.  DO  TOT  GRIND. 

3.  spscm;  shah  ee  cc:;cz:rr?.ic  with  threads  vnTHu:  .005  fir. 

L.  CENTER  OF  GAUGE  MUST  EE  SMALLER  THAU  ENDS  WITHIN  THE  SPECIFIED 
TOLERANCE.  TAPIR  3IUST  EE  GRADUAL.  , 

5.  SURFACE  ROUGHNESS  PER  MIL- STD -10.  63/  RHR  EXCEPT  AS  TOTED. 

6.  SFECE1E;’  SHALL  EE  FFZE  OF  MICKS,  DSTOS,  SCRATCHES  .AMD  MACHINING 
KIS-1ATCH. 


TOLERANCES:  +  .010  UNLESS  07KE2G7ISE  SPECIFIED. 


Figure  A26.  Subsize  Tensile  Specimen  Configuration  used  by  McDonnell -Douglas. 


TABLE  A28 

CORROSION  TEST  RESULTS  FROM  McDONNELL-DOUGLAS 


SPECIMEN 

STRESS 

LEVEL 
( KSI ) 

TIME  TO  FAILURE 
(HOURS) 

2S-SCC-1 

30 

NF 

2S-SCC-2 

30 

NF 

2S-SCC-3 

40 

NF 

2S-SCP-4 

40 

33  to  80* 

2S-SCL-5 

50 

33  to  80* 

2S-SCC-6 

50 

33  to  80* 

*  Specimens  failed  during  a  weekend. 


TABLE  A29 

Results  From  McDonnell -Douglas 

STRESS  CORROSION  DATA  FOR  7091-T7E78 
2  1/2  INCH  THICK  HAND  FORGING 


Specimen  Dwg.  No.  ZC007394-1  ST  Grain  Direction 


ASTM  G44  &  D1141,  Substitute  Ocean  Water 


*  Significant  surface  corrosion  on'  unanodized  specimens. 


APPENDIX  B 
7090-T7E80  FORGINGS 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ 


TABLE  B1 


SUGGESTED  ALLOWABLES  FOR 
7090-T7E80  FORGINGS:  2-1/2"  x  6" 


Ftu’ 

KSI 

L 

78.6 

LT 

77.2 

ST 

74.8 

F.  . 

KSI 

ty* 

L 

70.1 

LT 

67.1 

ST 

63.5 

F  , 

KSI 

cy* 

L 

70.3 

LT 

73.3 

ST 

73.6 

F  , 

KSI 

su 

L 

46.9 

LT 

47.1 

Fbu’ 

KSI 

L 

(e/D  =  1.5) 

123.5 

(e/D  =  2.0) 

146.9 

LT 

(e/D  =  1.5) 

128.2 

(e/D  =  2.0) 

147.5) 

Fby* 

KSI 

L 

(e/D  =  1.5) 

111.0 

(e/D  =  2.0) 

112.5 

LT 

(e/D  =  1.5) 

111.5 

(e/D  =  2.0) 

115.6 

Kir* 

KSI  ^fN 

1 L 

LT 

14.6 

TL 

16.6 

SL 

18.1 

NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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TABLE  B2 
7090  FORGING: 
TENSILE 


COMPANY 

TEST 

ORIENTATION 

ULT 

YIELD 

ELONG 

JEMP 

STR 

STR 

% 

°F 

KSI 

KSI 

ROCKWELL 

RT  LONG 

82.6 

74.5 

11.9 

81.0 

72.5 

12.2 

78.7 

70.8 

11.2 

VOUGHT 

RT 

30.0 

75.3 

_ 

80.0 

73.3 

7.6 

83.7 

77.6 

5.3 

ALCOA 

RT 

80.9 

71.9 

11.5 

78.6 

70.8 

10.0* 

81.2 

72.0 

12.5* 

BOEING 

RT 

80.7 

72.3 

11.8 

78.6 

69.9 

11.5 

AFWAL 

RT 

86.4 

78.2 

12.0 

82.9 

73.9 

11.6 

84.0 

75.9 

12.9 

VOUGHT 

500° 

74.7 

66.3 

10.2 

75.3 

67.2 

10.0 

69.7 

66.3 

8.8 

*  Internal  discontinuity 
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TA3LE  B3 


7090  FORGING 
TENSILE 


COMPANY 

TEST 

I" 

ORIENTATION 

ULT 

STR 

KSI 

YIELD 

STR 

KSI 

ELONG 

% 

ROCKWELL 

RT 

TRANS 

79.6 

70.1 

10.4 

79.8 

70.1 

12.2 

79.8 

71.0 

11.6 

VOUGHT 

79.0 

69.8 

7.6 

83.3 

75.9 

6.6 

75.9 

66.4 

8.8 

ALCOA 

81 .8 

71.4 

8.5 

81.0 

71.3 

8.0 

79.9 

69.7 

10.5* 

BOEING 

79.6 

69.5 

8.5 

79.4 

69.3 

8.9 

ALCOA  RT  SHORT 

78.1 

64.9 

5.0 

TRANS 

77.6 

66.5 

5.0 

77.7 

66.8 

2.0 

ROCKWELL 

76.7 

65.5 

2.8 

74.8 

64.7 

2.2 

75.3 

63.5 

3.6 

*  Internal  discontinuity 

~2 


TABLE  B4 

7090  FORGING 
COMPRESSION 


COMPANY 


ORIENTATION 


COMP 

YIELD 

STR 

KSI 


ROCKWELL 


VOUGHT 


ALCOA 


BOEING 


VOUGHT 


73.1  Tested  at  410°F 


mm 


T1 

f)l>-fli59  779 

UNCLflSSIFIE 

THE  MECHANICAL  PROPERTY  DATA  BASE  FROM  A  COOPERATIVE 
PROGRAM  ON  FIRST  GEN  OJ)  AIR  FORCE  WRIGHT  AERONAUTICAL 
LABS  HRIGHT-PATTERSON  AFB  OH  G  J  PETRAK  ET  AL.  AUG  85 
AFWAL-TR-85-4052  F/G  ii/6 

- 1 — ^ 

2/4/ 

HI 

■ 

MICROCOPY  RESOLUTION  TEST  CHART 
NATIONAL  BUREAU  OF  STANDARDS- 1963-A 


* 

•V 


TABLE  B5 


COMPANY 

ROCKWELL 

VOUGHT 

ALCOA 

ALCOA 


7090  FORGING 
COMPRESSION 


ORIENTATION  COMP  YIELD 

STR  (KSI) 


TRANS  76.9 

73.3 

74.4 

83.1 
86.9 

85.4 

73.4 

74.1 

73.5 


SHORT  •  73.6 

TRANS  75.9 

75.7 


TABLE  B6 


7090  FORGING 
SHEAR 


COMPANY 


ORIENTATION 


ROCKWELL 


VOUGHT 


ALCOA 


MS 


SHEAR 

STR 

KSI 


mm 


«•>. 


aw 


TABLE  B7 

7090  FORGING 
SHEAR 


COMPANY 


ORIENTATION 


SHEAR 

STR 

KSI 


TABLE  B8 


COMPANY 


ALCOA 


7090  FORGING 
BEARING 


ORIENTATION  e/D 


BEARING  BEARING 

ULT  STR  YIELD  STR 

KSI  KSI 


LONG 


1.5  129.8  117.6 

127.1  111.0 

123.5  112.7 


TABLE  B9 


7090  FORGING 
BEARING 


COMPANY 


ORIENTATION  e/D 


BEARING  BEARING 

ULT  STR  YIELD  STR 

KSI  KSI 


ALCOA 

TRANS 

1.5 

130.3 

128.2 

129.3 

117.6 

111.5 

117.2 

ALCOA 

TRANS 

2.0 

162.5 

132.6 

160.0 

132.7 

162.7 

137.4 

VOUGHT 

148.4 

120.3 

159.4 

121.9 

153.1 

115.6 

147.5 

126.9 
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TABLE  BIO 


7090  FORGING 
FRACTURE  TOUGHNESS,  KJC 


COMPANY 

ORIENTATION 

KIC 

( KSI  t/lN) 

kq 

(ksi  /nry 

COMMENT 

VOUGHT 

L-T 

15.8 

val  id 

17.8 

invalid 

ALCOA 

L-T 

20.4 

valid 

21.4 

valid 

21.4 

valid 

BOEING 

L-T 

14.6 

VOUGHT 

T-L 

19.0 

valid 

21.2 

valid 

ALCOA 

T-L 

13.5 

invalid  Kf  greater 

than  0.6Kn  for  last 
step  4 

16.6 

16.0 

valid 

invalid  Kf  greater 

than  0.6Kn  for  last 
step  y 
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CYCLES  TO  FAILURE 
Figure  Bl. Fatigue  Results  for  7090  Forgings; 


TABLE  Bll 


FATIGUE  RESULTS  FOR  7090  FORGINGS:  R  =  0.1,  Kt  =  1.0 


STRESS 

PSI 

CYCLES 

FAIL  (1) 

NO  FAIL  (0) 

4  1  f)  r.  n 

110751 50 

0 

4  3  0  G  3 

4630200 

1 

4  3  0  C  C 

1 02605  00 

r 

460  CG 

151700 

1 

4*rnr 

1  000*11  00 

r 

45000 

109289  03 

0 

4  7300 

1 38400 

l 

4  70  0  C 

8 33° 90 0 

0 

4  °  G  0  0 

1876  40  0 

0 

5  3  0  0  C 

2621 0  0  G 

1 

6*CCC 

6  77  S  ''  0 

1 

b  fc  0  0  c 

125200 

1 

*6000 

6024^0 

1 

6  f  G  0  0 

4760  0 

1 

6800C 

585  "C 

1 

6  P  0  0  0 

281400 

1 

7  n  o  r  o 

401  =  7 

1 

7  0  0  C  C 

4  2  2  "  C 

1 

Figure  82.  Fatigue  Results  for  7090  Forgings; 


TABLE  B12 


FATIGUE  RESULTS  FOR  7090  FORGINGS:  R  =  0.1, 


STRESS 

PSI 

CYCLES  FAIL 

NO  FAIL  (0) 

17*  PC 

1  00  3  no  pp 

n 

2 o  c  n 

luouOOOG 

n 

2  l  n  0  C 

^633690 

1 

2  4  8  (  v 

2600  l 

1 

26  2  0  r 

918  0 

* 

i 

26  2  0*’ 

3  2  3  3? 

i 

3  3  2  r  o 

1^1  0  r 

i 

3  3200 

6  190 

i 

3  P  4  r ' 

410? 

i 

4GGCI 

-:.07: 

i 

*54  r. ; 

160- 
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TABLE  B13 


FATIGUE  RESULTS  FOR  7090  FORGINGS:  R  =  0.1,  Kt  =  3.0 


STRESS 

PSI 

CYCLES 

FAIL  (1) 

NO  FAIL  (0) 

o  *  c  f  r 

1 31  s85  5? 

ft 

2  4  ft  C  0 

1  3404  3  00 

0 

o  r  * 

1  ft  P  o  ft  ft  * 

2  ft  C  C  1 

3.44  5C 

1 

2  ft  0  C  U 

3  47  0ft 

1 

2  ft  o  p : 

ft  1 0  1  ft  5  0 

1 

2<>  oc : 

1477c5ftr' 

P 

2ppgu 

695  2  ft  0 0 

1 

?  a  p  n  r 

15326100 
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2  3  0  0  0 

3  9000 

1 

2  5  0  0  0 
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1 

2  "PC  : 

ft  fel ft  30 0 
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2  2  re  :• 
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220  GO 
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1 
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TABLE  B19  Durability  Properties  of  Aluminum  P/M  Products 

Corrosion  Results  From  BOEING 
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(a)  T6X:  solution  treated,  quenched,  stretched  42,  art  If  leal ly  aged 

(b)  T6Y:  solution  treated,  quenched,  artifically  aged 


TABLE  B18 

Corrosion  Results  From  ALCOA 


PERFORMANCE  OF  SHORT  TRANSVERSE  3 . 1  nun  (1/8")  DIAMETER 
SMOOTH  TENSILE  BARS  WHICH  WERE  REMOVED  FROM  7090  AND 
7091  HAND  FORGINGS  (1),  STRESSED  AND  EXPOSED  30  DAYS 


TO  3- 

1/2%  SODIUM 

CHLORIDE 

BY  ALTERNATE  ! 

IMMERSION  (2) 

S.  No. 

Alloy 

Temper 

Stress  Level 
(ksi/MPa) 

No.  Failures/No. 
Specimens  Tested 

513910-2-16 

7090 

T7E80 

25/172 

0/3 

513910-2-16 

7090 

T7E80 

45/310 

0/3 

513910-7-11 

7090 

T7E80 

25/172 

0/3 

513910-7-11 

7090 

T7E80 

45/310 

0/3 

513825-10-18 

7091 

T7E78 

25/172 

0/3 

513825-10-18 

7091 

T7E78 

45/310 

0/3 

513825-26-13 

7091 

T7E78 

25/172 

0/3 

513825-26-13 

7091 

T7378 

45/310 

0/3 

NOTES:  (1) 

Hand  forgings  were 

63  mm  x  152  mm 

x  610  mm  (2-1/2"  x 

6"  x  24")  in  size  and  were  produced  in  Cleveland 
from  50  kg  (110  lb)  billets  sawed  in  half. 


(2)  3-1/2%  sodium  chloride  alternate  immersion  tests  was 

conducted  in  accordance  with  A STM  G44-75. 


CORROSION  RESULTS  FROM  ALCOA 


Table  B18  lists  the  results  of  a  30-day  exposure  to  3-1/2%  sodium 
chloride  by  alternate  immersion  of  triplicate  short-transverse  3.1  mm 
(1/8")  diameter  by  51  mm  (2")  long  tensile  bars  removed  from  7090-T7E80 
alloy  hand  forgings.  The  tensile  bars  were  stressed  to  two  stress  levels  - 
172  MPa  (25  ksi)  and  310  MPa  (45  ksi).  No  failures  were  encountered  in  any 
case  with  the  stressed  tensile  specimens. 


CORROSION 


Corrosion  characteristics  of  7090  forgings  were  evaluated  by  ALCOA  and 
Boeing.  ALCOA's  results  from  the  stress  corrosion  tests  are  summarized  in 
the  attached  write  up  and  table  and  Boeing's  exfoliation  test  results  are 
shown  in  the  attached  table  on  durability  properties.  This  material  appears 
to  be  corrosion  resistant. 

SPECTRUM 

Spectrum  fatigue  crack  growth  of  7090  forgings  was  investigated  by 
AFWAL.  Results  relative  to  I/M  7050  plate  using  both  the  standard  FALSTAFF 
and  Mini -TWIST  spectra  are  shown  in  the  attached  figures.  7090  forgings  are 
inferior  to  the  7050  plate  and  also  to  7091  forgings. 


TABLE  B17 

FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  B7  INDICATING  EFFECT 

OF  STRESS  RATIO 

ALCOA 


MATERIAL:  ALUMINUM  7090 

CONDITION:  T7E80 

ENVIRONMENT:  R.  T.  .HI  HUMIDITY 


DELTA  K 
<KSi*IN**l/2> 


A 

R=+0.  10 


DELTA  K  B 
MIN  C 
D 


1.  17 
1.  14 


02 


DA/DN  <10**-6  IN.  /CYCLE) 
B  C 

R=+0.  33 

.  02 


DELTA  K  B 
MAX  C 
D 


1. 

30 

.  0470 

0484 

1. 

60 

.  106 

103 

2. 

00 

.  225 

214 

2. 

50 

.  435 

420 

3. 

00. 

.  715 

715 

3. 

50 

1.  07 

1. 

13 

4. 

00 

1.  53 

1. 

69 

5. 

00 

2.  82 

3. 

49 

6. 

00 

4.  86 

6. 

75 

7. 

00 

8.  06 

12. 

5 

8. 

00 

13.  1 

22. 

7 

9. 

00 

20.  9 

40. 

2 

10. 

00 

32.  9 

69. 

9 

13. 

00 

123. 

13. 

97 

185. 

11. 

05 

123. 

93 


TABLE  B16 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  B6  INDICATING  EFFECT 

OF  STRESS  RATIO 

ALCOA 


MATERIAL:  ALUMINUM  7090 

CONDITION:  T7E80 

ENVIRONMENT:  R.  T.  .HI  HUMIDITY 


DELTA  K 
<KSI*IN**l/2) 


DA/DN  ( 10#*— 6  IN.  /CYCLE) 

A  B  C  D 


R=+0.  10 


R=+0.  33 


A: 


DELTA  K  B: 
MIN  C: 
D: 


1.  65 
t.  10 


DELTA 

MAX 


A 

K  B 
C 
D 


1. 

30 

0547 

1. 

60 

105 

2. 

00 

.  104 

197 

2. 

50 

.  228 

360 

3. 

00 

.  412 

595 

3. 

50 

.  668 

932 

4. 

00 

1.  02 

1. 

42 

5. 

00 

2.  09 

3. 

10 

6. 

00 

3.  94 

6. 

55 

7. 

00 

7.  07 

13. 

5 

a. 

CO 

12.  3 

27. 

3 

9. 

00 

20.  9 

54. 

4 

10. 

00 

□  5.  0 

12. 

47 

118. 

9. 

28 

65.  9 
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CONDITION/HT:  T7E80 

FORM:  2.  50"TH  FORGING 

SPECIMEN  TYPE:  CT 

ORIENTATION:  T-L 

FREQUENCY:  10.00-  25.00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  70.  8  KSI 
ULT.  STRENGTH:  80.  9  KSI 
SPECIMEN  THK:  0.251" 
SPECIMEN  WIDTH:  1.  999" 
REFERENCES: 


ALUM. 

ALLOY 


7090  : 


TABLE  B15 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  35  INDICATING  EFFECT 

OF  STRESS  RATIO 

ALCOA 


NiVU-RIAL:  ALUMINUM 
CONDITION:  T7ERG 
HHVir.Oi  'ilENT:  R.  T. 

7090 

.HI  HUMID  ICY 

SALTA  K 

(IV3I  '-IN 

.-#1/2) 

A 

1.  62 

A 

!l^+0.  10 

.  01 

DELTA  V.  B 

1.  20 

MIN  C 

70 

D 

1.  30 

1.  60 

2.  00 

' .  0604 

2.  50 

.  172 

3.  00 

.  361 

3 .  5  o 

.  664 

4.  00 

1.  11 

3.  00 

2.  50 

6  00 

1.  61 

7.  CO 

7.  41 

0.  CO 

10.  3 

9.  00 

14.  5 

to.  CO 

13.  5 

13.  00 

29.  6 

A 

14.  34 

33.  6 

D-.-LTA  K  15 
•  »  >  /** 

11.37 

i  i/‘  ■  C 


DA/DN  IN. /CYCLE) 

BCD 
R«+ 0.  33 


.  00 


.  0424 
.  0075 
.  134 
.  242 
.  430 
.  731 
1.  18 
2.  65 
5.  05 
8.  41 
12.  6 
17.  3 
22.  2 


28.  5 
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CONDI  TiOIJ/HT:  T7EGCJ 
FORM:  2.  50" TH  FORGING 

SPECIMEN  TYPE:  CT 
ORIENTATION:  l.-T 
FREQUENCY:  25.  00  HZ 

ENVIRONMENT:  R.  T.  .HI  HUMIDITY 


YIELD  STRENGTH: 
ULT.  STRENGTH: 
SPECIMEN  THK:  l 
SPECIMEN  WIDTH: 
REFERENCES: 


:  71.  B  KS 
00.  2  KGi 
0.  251  •' 

I:  1.  OSS" 


Figure  B5.  Fatigue  Crack  Growth  Rate  Data  for  7090  iorgings;  ALCOA 


TABLE  B14 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  B4  INDICATING  EFFECT 

OF  STRESS  RATIO 

BOEING 


MATERIAL:  ALUMINUM 
CONDITION:  T7E80 
ENVIRONMENT: 


7090 


R.  T. 

, LAB  AIR 

/2> 

A 

R=+0.  0 

4.  49 

1 

5.  00 

3.  23 

6.  00 

7.  33 

7.  00 

9.  98 

8.  00 

11.  2 

9.  00 

12.  1 

10.  00 

13.  4 

13.  00 

29.  2 

16.  00 

136. 

17.  26 

320. 

DELTA  K 


DA/DN  ( 10**-6  IN. /CYCLE) 
B  C 


DELTA  K  13 
MIN  C 
D 


DELTA  K  B 
MAX  C 
D 
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CONDITION/HT:  T7E80 
FORM:  60 "TH  FORGING 

SPECIMEN  TYPE:  CT 
ORIENTATION:  L-T 
FREQUENCY:  30.  00  HZ 

ENVIRONMENT:  R.  T.  .  LAB  AIR 


YIELD  STRENGTH: 
ULT.  STRENGTH: 
SPECIMEN  THK: 
SPECIMEN  WIDTH: 
REFERENCES: 


71.  1 
79.  6 


ALUM. 

ALLOY 
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Iqhts  for  7090  Forqlnq  Under  Mini-TWIST  Loadinq 


APPENDIX  C 
IN9021 -T352  FORGINGS 


Comment:  The  fatigue  crack  growth  rate  data  from  Boeing  for  the  L-T 
orientation  was  developed  at  two  frequencies.  The  data  at  the  lower 
part  of  the  curve  was  developed  at  a  frequency  of  30  Hz  while  the  four 
points  at  the  higher  part  of  the  curve  was  from  the  same  specimen  tested 
at  3  Hz. 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware.  _  _ 


TABLE  Cl 

SUGGESTED  ALLOWABLES  FOR 
IN  9021  FORGINGS:  .75"  x  5" 


(e/D=l .5) 
e/D=2.0) 


120.5 

140.6 


(e/D=1 .5) 
(e/D=2.0) 
KSI 


119.9 

140.6 


(e/D=l .5) 
(e/D=2.0) 


104.0 

118.0 


(e/D=l .5) 
(e/D=2.0) 
KSI  VTFT 


121.1 


NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 


TABLE  C2 

IN-9021  FORGING  .75"  x  5" 
TENSILE 


COMPANY 

TEST 

TEMP 
(  r)  ; 

ORIENTATION 

ULT 

STR 
(  KSI ) 

YIELD 

STR 
(  KSI) 

EL0NG 

(%) 

Vought 

RT 

Long 

80.7 

70.0 

12.2 

82.7 

73.2 

12.3 

82.1 

73.2 

9.5 

General 

87.3 

74.4 

9.5 

Dynamics 

84.4 

70.2 

89.8 

77.3 

9.0 

Lockheed  GA 

89.0 

79.0 

13.0 

89.0 

77.5 

10.5 

89.6 

76.7 

11.0 

Rockwel 1 

87.6 

73.5 

12.4 

86.3 

76.0 

12.4 

83.9 

73.6 

12.1 

Boeing 

78.6 

71.2 

8.8 

81.7 

73.4 

10.5 

Vought 

500 

77.7 

68.7 

14.6 

82.4 

72.5 

12.9 

76.7 

68.7 

16.6 
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TABLE  C3 


IN-9021  FORGING 
TENSILE 


COMPANY 

TEST 

ORIENTATION 

ULT 

YIELD 

ELONG 

TEMP 

STR 

STR 

(%) 

(°F) 

( KSI) 

(KSI) 

Vought 

RT 

Trans 

84.0 

74.6 

12.4 

85.4 

74.6 

12.3 

83.4 

74.6 

13.6 

General 

85.9 

73.6 

12.0 

Dynamics 

86.0 

72.5 

9.0 

84.8 

72.1 

11.5 

Lockheed-GA 

87.4 

78.1 

10.5 

87.3 

79.4 

11.0 

87.3 

78.5 

12.0 

Rockwel 1 

86.0 

72.3 

12.1 

84.7 

74.8 

12.3 

84.7 

74.4 

12.3 

Boeing 


82.5 


72.3 


11.0 


TABLE  C4 


IN-9021  FORGING 
COMPRESSION 


COMPANY  ORIENTATION  COMPR 

YIELD 

STR 

(KSI) 


Vought  Long  74.1 

75.3 

68.6 

74.1 

Lockheed-GA  74.4 

72.5 

71.4 

Boeing  64.8 

67.0 

Vought  Trans  77.0 

75.7 

76.1 

Lockheed-GA  81.1 

78.3 

79.7 

Boeing  73.3 

73.8 
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TABLE  C5 
IN-9021  FORGING 


SHEAR 

COMPANY  ORIENTATION  SHEAR 

STRENGTH 

(KSI) 

Vought  Long  52.8 

53.0 

52.8 

52.8 

Lockheed-GA  46.8* 

47.9* 

48.9* 

Boeing  41.4 

42.8 


Lockheed-GA  Trans  48.7* 

48.0* 

47.3* 

Boeing  40.9 

41 .5 


*  double  shear 


rTTW 


V 

A 


4 


s' 


h 

r— 


f«j.  *  v  \wj  i  ^ 1 w  i  *v  i  «j  i  ^  I  ^  !■»<  *■* «  i'  nrrr  **  r» 


TABLE  C6 
IN-9021  FORGING 
BEARING 


COMPANY 

ORIENTATION 

e/D 

BEARING 

ULT 

(KSI) 

BEARING 

YIELD 

(KSI) 

Lockheed-GA 

Long 

1.5 

124.0 

107.0 

122.0 

104.0 

123.0 

104.0 

Boeing 

Long 

1 .5 

121.6 

- 

120.5 

- 

Boeing 

•* 

Trans 

1.5 

119.9 

- 

Lockheed-GA 

Long 

2.0 

156.0 

127.0 

158.0 

129.0 

154.0 

139.0 

Vought 

Long 

2.0 

142.2 

125.0 

140.6 

125.0 

142.2 

118.0 

142.2 

118.0 

106.0 

NA  500° F 

132.8 

NA  500° F 

Vought 

Trans 

2.0 

146.9 

125.0 

140.6 

125.0 

154.7 

121.1 

>v 

'.'i 

l 
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TABLE  C7 
IN-9021  FORGING 
FRACTURE  TOUGHNESS,  KjC 


COMPANY 

ORIENTATION 

(KSlJffl  ) 

kq 

(KSI  tfN  ) 

COMMENT 

Rockwel 1 

L-T 

43.0 

insufficient  size 

42.1 

insufficient  size 

Vought 

15.1 

invalid 

31.7 

invalid 

30.6 

invalid 

General 

29.8 

valid 

Dynamics 

19.4 

valid 

Boeing 

17.8 

26.5 

Lockheed-GA 

39.3 

insufficient  size,  etc. 

40.5 

insufficient  size,  etc. 

39.5 

insufficient  size,  etc. 

ALCOA 

25.6 

valid 

25.2 

valid 

Rockwell  T-L 


43.4  insufficient  size 

41.2  insufficient  size 


Vought 


31.5 


31.7  invalid 

valid 


General 

Dynamics 


21.5  valid 

23.6  valid 


Boeing 


20.1 


Lockheed-GA 


F5 


ALCOA 


39.4 

insuffi 

cient 

size, 

etc. 

42.8 

insuffi 

cient 

size, 

etc. 

39.7 

insuffi 

cient 

size, 

etc. 

valid 

valid 

TABLE  C8 


FATIGUE  RESULTS  FOR  IN-9021  FORGINGS:  R  =  0.1, 


STRESS 

PSI 

CYCLES 

FAIL  (1) 

NO  FAIL  (0) 
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Figure  C2. Fatigue  Results  for  IN-9021  Forgings; 


TABLE  C9 


FATIGUE  RESULTS  FOR  IN-9021  FORGING:  R  =  0.1,  Kt  =  2.7 


STRESS 

PSI 

CYCLES 

FAIL  (1) 

NO  FAIL  (0) 

1  n  n  r  n 

333  2  0  0 

1 

2  c  C  0  0 

208350  0 

1 

o  79  r  ^ 

7S2  2  0 

1 

2  8  C  0  <: 

7871 00 

1 

2  °  3  C  r 

1 47  7  0  Q 

1 

3  f.  0  r  G 

534  2  0 

1 

3  n  1  r  r 

s  03  7  ** 

1 

3  4  9  n  a 

220  2  0 

1 

^  r  n  0  n 

2  44  00 

4  c  0  c : 

140°  0 

1 

CONDITION/HT:  T352 
FORM:  3.  90"TH  FORGING 

SPECIMEN  TYPE:  CT 
ORIENTATION:  L-T 
FREQUENCY:  30.  00  HZ 

ENVIRONMENT:  R.  T.  .  LAB  AIR 


YIELD  STRENGTH:  72.3  KSI 
ULT.  STRENGTH:  80.  2  KSI 
SPECIMEN  THK: 

SPECIMEN  WIDTH: 
REFERENCES: 


ALUM. 

ALLOY 


...J 


TACLE  01 

SUGGESTED  ALLOWABLES  FOR 
7091-T7E69  Extrusions;  HM  x  4V 


Ftu*  KSI 

L 

82.7 

LT 

76.5 

ST 

76.9 

Fty.  KSI 


L 

74.1 

LT 

66.7 

ST 

63.7 

L 

LT 


73.4 

69.6 


L 

LT 


45.8 

43.8 


,  KSI 


L 

(e/D=l . 5 ) 
(e/D-2.0) 
LT 

(e/D=1.5) 
( e/D=2 . 0 ) 


120.0 

147.6 

107.4 

139.3 


KSI 

L 

( e/D= 1.5) 

99.6 

(e/D=2.0) 

LT 

112.7 

( e/D= 1.5) 

94.1 

(e/D=2.0) 

111.2 

ksin/Tn* 

LT 

35.8 

TL 

26.6 

SL 

25.7 

NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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APPENDIX  D 

7091 -T7E69  EXTRUSIONS 


NOTICE!  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ _ 
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CRACK  LENGTH  (INCHES) 


MATERIAL  74-75  -7'? ( 


SPECIMEN (S)  Bp  tC  A  *  B 


SPECTRUM  4oO  H(L _  STRESS  -7-2  tei  /  *JB7 


PLIGHT  HOURS  (lOOO'S) 

Figure  C8.  Crack  Length  Versus  Flights  for  7475-T7351  Generated  by  General 
Dynamics . 
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o  8  16  24  32 


FLIGHT  HOURS  (1000' S) 

Figure  C7.  Crack  Length  Versus  Flights  for  IN9021  Generated  by  General  Dynamics. 
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TABLE  C14  Durability  Properties  of  Aluminum  P/M  Products 

Results  From  BOEING. 
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T6X:  solution  treated,  quenched,  stretched  4%,  artiflcally  aged 
I'iY:  solution  treated,  quenched,  artifically  aged 


STRESS  CORROSION 
IN9021-T4  FORGING 
Results  From  Lockheed  GA. 

Three  specimens  were  exposed  Co  alternate  Immersion 
(10  minutes  vec/50  minutes  dry)  for  30  days  in  3*s% 
salt  water.  The  specimens  were  stressed  to  59  ksi. 
All  specimens  were  intact  after  30  days.  720  hrs. 


Corrosion 


Lockheed-GA  and  Boeing  evaluated  the  IN-9021  forgings  for  corrosion. 
Lockheed  tested  3  samples  in  an  alternating  3.5%  salt  water  (10  minutes 
wet/50  minutes  dry)  for  30  days.  All  specimens  were  stressed  at  59  KSI. 

At  the  end  of  30  days  there  were  no  failures. 

Boeing  studied  both  stress  corrosion  cracking  and  exfoliation  and 
reported  a  90-day  threshold  in  excess  of  60  KSI  for  stress  corrosion 
cracking.  Exfoliation  was  termed  very  slight  with  moderate  pitting. 

Spectrum 

General  Dynamics  performed  spectrum  fatigue  on  specimens  that  were  not 
precracked  but  had  centered  hole  in  the  test  section.  The  spectrum  was 
equivalent  to  400  hours  on  the  lower  wing  root  of  a  fighter  aircraft. 

Crack  growth  was  observed  post-test  on  the  fracture  face.  However,  because 
of  the  nonsymmmetric  cracking  it  was  not  practical  to  reduce  the  data  in 
terms  of  a  stress  intensity  factor.  Total  flight  hours  to  failure  appear 
to  be  the  most  practical  way  to  index  the  data.  Besides  the  tests  run  at 
a  maximum  net  section  stress  of  42  KSI  on  IN-9021  there  were  duplicate 
tests  performed  on  7475-T7351 .  Flight  hours  to  failure  which  included 
initiation  and  propagation,  were  between  8,000  and  12,000  flight  hours  for 
the  IN-9021  while  the  7475  had  similar  lives.  It  appears  the  materials  are 
equivalent. 


TABLE  C13 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  C6  INDICATING  EFFECT 

OF  STRESS  RATIO 

BOEING 


MATERIAL:  ALUMINUM 
COND I T  T  ON:  T352 
ENVIRONMENT:  R.  T. 


IN9021 
,  LAD  AIR 


DELTA  K 
<KSI*IN**l/2> 


DELTA  K  B 
MIN  C 
D 


9.  11 


10.  00 
13.  00 
16.  00 
20.  00 


A: 

20.  88  : 

i  DELTA 

K  3: 

MAX 

C: 

r 

i 

3 

D: 

A 

R=+0.  06 

1.  /6 


2.  47 
7.  73 
18.  2 
31.  7 

33.  0 


DA/DN  ( 10*#— 6  IN.  /CYCLE) 
B  C 


'-v-v  \ 


s 


CONDITION/HT:  T352 
FORM:  0.  90"TH  FORGING 

SPECIMEN  TYPE-  CT 
ORIENTATION.  T~L 
FREQUENCY:  30.  00  HZ 

ENVIRONMENT  R.  T.  .  LAB  AIR 


YIELD  STRENGTH: 
ULT.  STRENGTH: 
SPECIMEN  THK. 
SPECIMEN  WIDTH 
REFERENCES: 


72.  2  KSI 
83.  0  KSI 


ALUM.  I 
ALLOY  : 


IN9021 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  C5  INDICATING  EFFECT 

OF  STRESS  RATIO 

GENERAL  DYNAMICS 


MATERIAL:  ALUMINUM  IN9021 

CONDITION: 

ENVIRONMENT:  R.  T.  ,  HI  HUMIDITY 


DELTA  K 
<KSI*IN**l/2> 


DA/DN  ( 10**— 6  IN.  /CYCLE) 
ABC 


R=+0.  10 


A:  4.  53 

DELTA  K  B: 

MIN  C: 

D: 


.  12 


A: 

DELTA  K  B: 


5.  00 

6.  00 

7.  00 

8.  OO 

9.  00. 

lO.  00 
13.  00 
16.  00 
20.  00 

22.  38  : 


.  153 
.  316 
.  773 
1.  92 
4.  51 
9.  82 
59.  2 
171. 

288. 

270. 
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CONDITION/HT: 

FORM:  0.  75"TH  FORGING 

SPECIMEN  TYPE:  WOL 
ORIENTATION:  L-T 
FREQUENCY:  9.  00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  74.  0  KSI 
ULT.  STRENGTH:  87.2  KSI 
SPECIMEN  THK:  0.398" 
SPECIMEN  WIDTH:  2.  553" 
REFERENCES: 


ALUM. 

ALLOY 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  C4  INDICATING  EFFECT 

OF  STRESS  RATIO 

LOCKHEED-GA 


MATERIAL:  ALUMINUM  IN9021 

CONDITION: 

ENVIRONMENT:  R.  T.  » HI  HUMIDITY 


DELTA  K 
<KSI*IN**l/2> 


DA/DN  ( 10**— 6  IN.  /CYCLE) 
A  B  C 


R=+0.  10 


R=+0.  50 


DELTA 

MIN 


A 
K  B 
C 
D 


5.  68 
1.  64 


.  04 


.  08 


2.  00 

2.  50 

3.  00 

3.  50 

4.  00 

5.  00 

6.  00 

7.  00 

8.  00 

9.  00 

10.  00 
13.  00 


1. 

3. 

.  0744 

7. 

.  303 

17. 

.  905 

34. 

1.  89 

66. 

3.  14 

123. 

7.  65 

151 

270 

445 

721 

17 

16 

90 

3 

9 

8 


A: 

DELTA  K  B: 


14.  62  : 
10.  85  : 


10.  9 


178. 


CONDITION/HT: 

FORM:  0.  75" TH  FORGING 
SPECIMEN  TYPE:  CCR 
ORIENTATION;  L-T 
FREQUENCY:  20.  00  H4 

ENVIRONMENT:  R.  T.  ,  HI  HUMIDITY 


YIELD  STRENGTH:  77.7  KSI 
ULT.  STRENGTH:  89.  2  KSI 
SPECIMEN  THK:  0.248-  0.254" 

SPECIMEN  WIDTH:  3.999-  4.009" 

REFERENCES 


ALUM.  ; 
ALLOY  I 


IN9021  ! 


TABLE  CIO 


v-, 


L 


iWi 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  C3 


INDICATING  EFFECT 


OF  STRESS  RATIO 


BOEING 


MATERIAL:  ALUMINUM 


IN9021 


CONDITION:  T352 
ENVIRONMENT:  R.  T. 

i LAB  AIR 

DELTA  K 

<KSI*IN**l/2> 

A 

R=+0.  06 

A 

DELTA  K  B 
MIN  C 

D 

7.  10 

1. 

a.  oo 

1.  59 

9.  00 

1.  48 

10.  00 

1.  48 

13.  00 

2.  40 

16.  00 

7.  35 

20.  00 

68.  5 

25.  00 

2480. 

A 

nri  ta  k  n 

25.  20 

2902. 

DA/DN  <10**-6  IN.  /CYCLE) 
B  C 


MAX 


1  14 


TABLE  D2 


7091-T7E69  EXTRUSION:  li"  x  4* 
TENSILE 


COMPANY 


ORIENTATION 


UL 

ST 

KS 


TABLE  D3 


7091-T7E69  EXTRUSION:  li"  x  4* 


TENSILE 


•  r*. 


TABLE  D5 


7091-T7E69  EXTRUSION 
COMPRESSION 


COMPANY 


ORIENTATION 


COMP  .21 
YIELD  STR 
( KSI ) 


ALCOA 

LONG 

75.4 

74.7 

75.7 

ALCOA 

81.2 

81.7 

FAIRCHILD 

73.9 
57.2  * 
73.6 
73.4 
50.0  * 

*  Eliminated  from  analysis 
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TABLE  D7 


7091-T7E69  EXTRUSION 
SHEAR 


COMPANY 

ORIENTATION 

SHEAR  STR 
(KSI) 

ALCOA 

LONG 

46.1 

45.8 

46.1 

ALCOA 

48.1 

47.6 

FAIRCHILD 

50.8 

49.1 

TABLE  D8 


7091-T7E69  EXTRUSION 
SHEAR 

COMPANY  ORIENTATION  SHEAR  STR, 

(KSI) 


ALCOA 

ALCOA 


i 

r, 


i 


FAIRCHILD 


TRANS 


45.0 

43.8 

44.8 

46.2 

45.1 

46.1 
44.5 
46.7 
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? 

a 

| 

;■  TABLE  D9 

;  7091-T7E69  EXTRUSION 

I  BEARING 


1 

COMPANY 

ORIENT 

e/D 

ULT 

BEARING 

YIELD 

BEARING 

STR(KSI)  STR(KSI) 


V 

H 

ALCOA 

LONG 

1.5 

120.0 

99.2 

121.2 

102.4 

1 

124.5 

104.4 

S 

ALCOA 

127.2 

107.1 

128.3 

104.3 

fi. 

FAIRCHILD 

126.2 

105.7 

1 

123.4 

103.6 

i 

127.9 

108.2 

130.8 

108.6 

121.0 

100.3 

* 

! 


4 

i 

r 

f 

/ 

} 

» 

t 

i 
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TABLE  DIO 


7091-T7E69  EXTRUSION 
BEARING 


COMPANY 

ORIENT 

e/D 

ULT 

YIELD 

B.  STR, 

B.  STR 

(KSI) 

(KSI) 

ALCOA 

LONG 

2.0 

154.6 

119.7 

154.6 

121.4 

156.8 

125.0 

ALCOA 

163.2 

118.2 

162.6 

124.2 

FAIRCHILD 

160.1 

121.4 

142.1 

108.8 

155.4 

117.8 

158.8 

118.7 

160.4 

124.2 
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TABLE  Dll 


7091-T7E69  EXTRUSIONS 
BEARING 


COMPANY  ORIENTATION 


e/D  ULT.  YIELD 

B.  STR,  B.  STR 

(KSI )  (KSI ) 


FAIRCHILD  TRANS  1.5  109.3  97.7 

107.4  97.1 

108.7  94.1 

2.0  139.3  111.5 

141.4  111.2 

142.6  119.4 

144.3  117.8 

143.3  113.9 


•*»  •* . 
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TABLE  D12 

7091-T7E69  EXTRUSION 
FRACTURE  TOUGHNESS 


COMPANY 

ORIENT 

KIC 

(KSI*IN) 

K9— 

(KSI*IN) 

COMMENT 

ALCOA 

L-T 

42.3 

VALID 

48.1 

VALID 

35.8 

VALID 

ALCOA 

45.8 

43.1 

50.4 

52.9 

ALCOA 

T-L 

28.3 

VALID 

32.3 

VALID 

26.6 

VALID 

ALCOA 

31.4 

32.4 

30.7 

32.2 

ALCOA 

S-L 

27.3 

VALID 

29.8 

INVALID  Specimen 
not  thick  enough 

25.7 

VALID 

ALCOA 

26.9 

27.3 

TABLE  D13 


FATIGUE  RESULTS  FOR  7091  EXTRUSIONS;  R=0*l,Kt=1.0 


stress 

PSI 

Cycles 

Fail(I) 

No  Fail ( 0) 

450  G  0 

11267a  oc 

0 

45000 

126594  00 

0 

45000 

13354000 

1 

47000 

63100 

1 

47000 

69500 

1 

47000 

104025  00 

0 

4  7  0  C  0 

12771800 

0 

4PCC0 

101651 00 

0 

4  q  0  0  » 

215400 

1 

4  °  0  0  0 

524370  0 

1 

4  n  n  o  0 

7431700 

1 

5  0000 

4  74  900 

1 

52000 

363300 

1 

5  3  0  0  0 

595920  0 

1 

ct;  n  r  ft 

1 106^0 

1 

55000 

184930  0 

1 

55000 

4447  ft 

1 

5  5  0  0  Q 

144600 

1 

57000 

51800 

1 

57000 

133520  0 

1 

5o00? 

46054  0  0 

l 

60000 

32600 

1 

7ft09? 

3920? 

1 

7  0  0  0  C 

31200 

1 
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Figure  02.-  Fatigue  Results  for  7091  Extrusions: 


TABLE  E 2 


7090  EXTRUSION;  1±"  x  4i" 
TENSILE 


COMPANY 

TEST  TEMP 

ORIENT 

ULT 

STR, 

( KS I ) 

YIELD 

STR, 

( KS  I ) 

ELONG 

(%) 

ROCKWELL 

RT 

LONG 

87.2 

81.3 

8.5 

88.2 

82.3 

9.4 

90.1 

84.2 

10.1 

VOUGHT 

91.5 

85.4 

9.9 

90.1 

85.4 

8.9 

86.0 

81.3 

- 

ALCOA 

91.8 

85.3 

9.5 

86.8 

80.0 

9.5 

90.3 

83.7 

9.5 

BOEING 

90.6 

84.1 

9.1 

89.2 

84.5 

9.5 

ALCOA 

92.5 

87.8 

10.0 

89.1 

82.8 

10.0 

93.8 

88.8 

7.5 

92.1 

86.4 

10.0 

AFWAL 

93.9 

88.7 

8.5 

91.6 

85.4 

9.5 

93.7 

88.7 

10.6 
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TABLE  El 


SUGGESTED  ALLOWABLES  FOR 
7090-T7E71  Extrusions 
lh"  x  4V 


L  87.5 
LT  83.1 
S  82.3 


L  81.5 
LT  75.1 
S  70.0 


KSI 


L  80.4 
LT  80.3 


L  48.0 
LT  46.5 


L 

( e/D= 1.5)  126.0 
(e/D=2.0)  157.7 
LT 

( e/D= 1.5)  126.2 
(e/D=2.0)  172.8 


L 

(e/D-1.5)  106.1 
(e/D=2.0)  119.5 
LT 

(e/D=1.5)  104.9 
(e/D=2.0)  125.9 


kic,ksi/!n 


L-T  19.3 
T-L  13.5 
S-L  10.3 


NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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APPENDIX  E 

7090-T7E71  EXTRUSIONS 


NOtlCE:  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ 
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Corrosion  Results  From  ALCOA 
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STRESS  CORROSION 


ALCOA  reported  there  was  no  exfoliation  corrosion  in  7091  extrusions 
using  an  accelerated  corrosion  test.  Tabular  stress  corrosion  results  are 
presented  in  Tables  017  and  D18. 

SPECTRUM  FATIGUE  CRACK  GROWTH 

Figures  D5  to  D7  are,  respectively:  1)  a  specimen  drawing,  2)  results  of 
spectrum  fatigue  crack  growth  tests  using  Mini-TWIST  spectrum,  and  3)  the 
results  of  spectrum  fatigue  tests  using  the  FALSTAFF  spectrum.  These  data, 
developed  by  AFWAL,  are  shown  along  with  similar  data  for  7050-T76  plate.  In 
general,  7091  out  performs  7050. 


TABLE  D16 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  D4  INDICATING  EFFECT 
OF  STRESS  RATIO 

Alcoa 


MATCH  I  Al.:  Al  UN) NUN  7071 

CONDITION:  T7E69 

EN V  1‘ r< ONMI  .NT  :  U.  T  ,  HI  HUN J  D I  T Y 


Dl  l  7  A  K 


DA/))iM  (10**-6  IN.  /CYCLE) 

A  B  C  D 


R--+0.  10 


R~  +0.  33 


A 

DELTA  K  fci 
MIN  C 
0 


DELTA 

MAX 


K 


1.  66 

0451 

1.  31 

0252 

1.  60 

0702 

2.  00 

0707 

133 

2.  50 

160 

235 

3.  00 

300 

400 

3.  50 

549 

653 

4.  00 

095 

1. 

02 

5.  00 

1. 

95 

2. 

20 

6.  GO 

3. 

50 

4. 

13 

7.  00 

5. 

83 

7. 

00 

C.  00 

C. 

72 

10. 

9 

9.  00 

12. 

2 

15. 

8 

10.  00 

16. 

4 

21. 

7 

13.  00 

32. 

0 

43. 

9 

16.  00 

51. 

4 

68. 

3 

20.  00 

00. 

4 

21.  38 

90. 

7 

16.  97 

75. 

7 
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CONOITION/HT:  T7E60 

FORM  1. 50”TH  EXTRUSION 

YIELD  STRENGTH: 

68.  9 

KSI 

ALUM. 

ALLOY 

SPECIMEN  TYPE:  CT 

ULT  STRENGTH: 

78.  2 

m 

KSI 

n  ow 

v'  •  ORIENTATION:  T-L  SPECIMEN  THK:  0.245-  0.252"  ' 

-V  FREQUENCY:  25. 00  HZ  SPECIMEN  WIDTH:  1.  998-  2.  008"  ^77 

V?  ENVIRONMENT:  R.  T. .  HI  HUMIDITY  REFERENCES: 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  D3  INDICATING  EFFECT 
OF  STRESS  RATIO 

Alcoa 


MATER  I AL  :  AL  UM 1 NUM 
CONDITION:  T7E69 
ENVIRONMENT:  R.  T. 

7091 

HI  HUMIDITY 

DELTA 

K 

DA/DN  ( 1 0#*— 6 

IN.  /CYCLE) 

<KSI*IN**l/2) 

A 

B 

C 

R=K).  10 

R-+0.  33 

R~+0.  80 

A: 

1.  57 

.  0144 

DELTA  K  B: 

1.  15 

.  0281 

MIN  C: 

1.  00 

. 00857 

D: 

1.  30 

.  0327 

.  0302 

1.  60 

.  0174 

.  0485 

.  0878 

2.  00 

.  0759 

.  0866 

.  179 

2.  50 

.  142 

.  175 

.  353 

3.  00 

.  216 

.  331 

.  674 

3.  50 

.  350 

.  581 

1 .  33 

4.  00 

.  573 

.  955 

2.  76 

5.  00 

1  43 

2.  17 

13.  8 

6.  00 

3.  04 

4.  10 

7.  00 

5.  51 

6.  74 

0.  00 

8.  64 

9.  94 

9.  00 

12.  0 

13.  5 

10.  00 

14.  9 

17.  0 

13.  00 

25.  4 

A:  11. 96  : 

DELTA  KB:  14.  48  : 


18.  0 


27.  5 


CONOITION/HT :  T7E8Q 

FORM:  1. 50-TH  EXTRUSION 

SPECIMEN  TYPE:  CT 

ORIENTATION:  L-T 

FREQUENCY:  10.00-  25.00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  75.2  KSI 
ULT  STRENGTH:  83.  9  KSI 
SPECIMEN  THK:  0.  249-  0.  252- 

SPECIMEN  WIDTH:  2.  003-  2.  545 ’ 

REFERENCES: 


ALUM. 

ALLOY 


7091 


2 

■4  5 

io  « 


AK  (KSI  Vm) 


Fatigue  Crack  Growth  Rate  Data  for  7091  Extrusions;  ALCOA 
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TABLE  D14 


FATIGUE  RESULTS  FOR  7091  EXTRUSIONS;  R=0.1,Kt=3.0 


Stress 

PSI 

Cycles 

Fail (1 ) 

No  Fail (0) 

20000 

1  279730  0 

0 

24  0  C  0 

10888100 

0 

25000 

1371870  0 

0 

2f  OOC 

1  1354*0  0 

0 

2  6  0  0  0 

1  198020  0 

1 

2  6  000 

15038200 

0 

27000 

9845600 

1 

27500 

10051500 

0 

28000 

38200 

1 

28000 

70800 

1 

280  C  0 

208300 

1 

2  8  0  0  G 

46271  CO 

1 

28000 

9  9  04  6  C  0 

1 

28500 

46300 

1 

28500 

1  1031  350 

0 

29*00 

759700 

1 

3  0  0  0  C 

32600 

1 

3  0  0  30 

83300 

1 

3  0000 

2  873  C  0 

1 

30000 

39000 

1 

3  0000 

103000 

1 

32000 

34503 

1 

32000 

3  640  D 

1 

3  2  0  0  C 

44300 

1 

35000 

28250 

1 

3  5  0  0  0 

2  730  C 

1 

4  PCOO 

12400 

1 

4  0  0  C  0 

1  480  3 

1 
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TABLE  E3 


7090  EXTRUSION 
TENSILE 


COMPANY 

TEST  TEMP 

OF 

ORIENT 

ULT 

STR, 

(KSI) 

YIELD 
STR,  x 
(KSI ) 

ELONG 

(%) 

ROCKWELL 

RT 

TRANS 

86.0 

79.3 

10.9 

CA 

85.7 

77.5 

9.6 

86.0 

78.7 

10.3 

ALCOA 

86.4 

78.6 

7.9(h) 

81.8 

74.0 

7 . 9  ( i ) 

85.7 

77.9 

7.9(1) 

BOEING 

85.8 

78.4 

12.0 

85.6 

77.6 

5.7 

ALCOA 

86.9 

78.9 

12.0 

89.4 

82.4 

8.6 

ALCOA 

RT 

SHORT 

86.5 

71.8 

7.8 

TRANSVERSE 

82.6 

70.0 

10.9 

85.3 

73.5 

7.8 

86,2 

75.9 

4.7 

87.2 

75.6 

6.3 

88.5 

77.1 

6.3 

82.3 

76.4 

1.6 

★ 


Fragmented  fracture 

failed  outside  middle  half  of  gage  length 
eliminated  from  analysis 


TABLE  E4 


7090  EXTRUSION 
COMPRESSION 


COMPANY 

ORIENTATION 

COMP 

YIELD  STR 
(KSI) 

ROCKWELL 

LONG 

83.9 

CA 

85.2 

82.5 

ALCOA 

84.9 

79.9 
83.3 

BOEING 

84.7 

85.9 

ALCOA 

86.7 

89.8 

TABLE  E7 


7090  EXTRUSION 
BEARING 


COMPANY  ORIENT  e/D  BEARING  BEARING 

ULT(KSI)  YIELD(KSI) 


ROCKWELL  LONG  2. 

ALCOA 

ALCOA 


160.8 

119.6 

158.9 

119.5 

164.8 

122.8 

170.7 

134.8 

157.7 

122.6 

166.0 

130.6 

163.1 

133.3 

162.7 

128.8 

169.5 

139.2 

167.9 

112.5 

ROCKWELL  TRANS  2.0  173.4 

172.8 

174.3 


126.0 
125.9 
127 
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TABLE  E8 


7090  EXTRUSION 
FRACTURE  TOUGHNESS  (KjC) 


COMPANY 

ORIENTATION 

KIC 

KSl/lN* 

kq 

ksi/Tn 

Comments 

ROCKWELL 

L-T 

30.2 

Crack  deviation 

from  notch 

29.8 

Crack  deviation 

from  notch 

ALCOA 

22.2 

VALID 

28.1 

VALID 

25.1 

VALID 

ALCOA 

22.0 

19.3 

VOUGHT 

16.4 

INVALID 

18.9 

INVALID 

COEING 

19.6 

VALID 

ROCKWELL 

19.5 

VALID 

19.8 

VALID 

ALCOA 

19.4 

14.9 

INVALID 

VALID 

17.6 

VALID 

ALCOA 

16.0 

13.5 

ALCOA 

S-L 

19.2 

14.0 

INVALID 

VALID 

16.1 

INVALID 

ALCOA  12.3 

10.3 
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Figure  El-  Fatigue  Results  for  7090  Extrusions;  R=0.1, 


TABLE  E9 

FATIGUE  RESULTS  FOR  7090  EXTRUSIONS;  R-O.l,  kt=1.0 


Stress 

PS  I 

Cycles 

Fail  (1) 

No  Fail  (0) 

4  p  o  r  o 

13750300 

0 

4  2  0  C  0 

11003500 

r* 

u 

4  3  0  C  C 

14893  000 

U 

44000 

100  52  60  0 

0 

450C0 

56  4  ".0 

i 

4  5  0  C  0 

1071850G 

0 

45000 

11117000 

fj 

4  b  0  C  C 

15  0  44  4  0  C 

0 

45C00 

11336300 

0 

45000 

22550  0 

1 

4  70  0  C 

6006500 

1 

4  8  0  C  0 

66950 

1 

40000 

7578700 

1 

5000C 

30600 

1 

5  0  0  0  C 

70  8  G  0 

1 

51500 

10  000  OOP 

0 

530GC 

29400 

1 

530  00 

114100 

1 

5  3  P  0  f: 

447000 

1 

55  0  C  0 

11  05800 

1 

55800 

100  00  00  0 

0 

5  70  C  0 

235S600 

1 

5  79  8,' 

560800 

1 

59000 

76220  0 

1 

6  n  0  0  C 

37300 

1 

6  013  0 

340  CO  00 

1 

f  1000 

697700 

1 

64400 

337830 

1 

66570 

330940 

1 

66700 

11431 

1 

7  COCO. 

202  00 

1 

700CG 

36  0  00 

1 

7  0000 

1460  0 

1 

73  0  C  0 

7730 

1 
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Figure  E2.  Fatigue  Results  for  7090  Extrusions;  R=0.1,  K  =2.5 
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TABLE  E10 

FATIGUE  RESULTS  FOR  7090  EXTRUSIONS;  R=0.1,  Kt=2.5 


Stress 
PS  I 

Cycles 

Fa  i  1  ( 1 ) 

No  Fail (0) 

17500 

1  000000  0 

0 

17500 

icoooooo 

0 

20000 

4200125 

1 

21000 

49001  20 

1 

23100 

25000 

1 

23100 

24000 

1 

26200 

72400 

1 

26200 

51500 

1 

33200 

14  700 

1 

332C0 

1  4280 

1 

3840C 

5400 

1 

<(0000 

3690 

1 
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Figure  E3.  Fatigue  Results  for  7090  Extrusions;  R=0. 


TABLE  Ell 


FATIGUE  RESULTS  FOR  7090  EXTRUSIONS;  R»0.1,  Kt=3.0 


Stress 

PS  I 

Cycles 

Fail  (1 ) 

No  Fail ( 0 ) 

20000 

110214  00 

0 

22  C  0  0 

130711  CO 

0 

25000 

25500 

1 

25000 

13183700 

0 

26000 

109270  00 

0 

26000 

13228650 

c 

26000 

14996800 

0 

27500 

13173700 

c 

28000 

102000 

1 

28000 

847320  0 

1 

28000 

15412150 

0 

28500 

176194  00 

0 

28500 

125431 00 

0 

30000 

262830 

1 

30000 

263200 

1 

30000 

5194100 

1 

30000 

251 900 

1 

3  0  0  0  0 

54200 

1 

32000 

50700 

1 

32000 

753  0  0 

1 

3  2  0  C  0 

100000 

1 

32000 

211400 

1 

3  4  0  C  0 

36100 

1 

35000 

48800 

1 

35000 

29500 

1 

4  G  0  0  0 

15850 

1 

40000 

17  700 

1 

4  0  0  0  0 

770  0 

1 

O  ' 


...JHa.allu 


■ij 


169 


CONDITION/HT:  T7E71 

FORM:  1. 50"TH  EXTRUSION 

SPECIMEN  TYPE:  CT 

ORIENTATION:  L-T 

FREQUENCY:  20.  00-  75.  00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  82.  6-  83.  0  KSI 

ULT.  STRENGTH:  88.  5-  89.  6  KSI 

SPECIMEN  THK:  0.245-  0.497" 

SPECIMEN  WIDTH:  1.967-  2.500" 

REFERENCES. 


ALUM. 

ALLOY 


Figure  F4  .  Tatique  Crack  Growth  Rate  Data  for  7D9D  Extrusions;  Alcoa  &  Rockwell 


TABLE  E12 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  E4  INDICATING  EFFECT 
OF  STRESS  RATIO 

Alcoa  and  Rockwell 
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CONDITION/HT:  T7E71 

FORM:  1.  50 "TH  EXTRUSION 

SPECIMEN  TYPE:  CT 

ORIENTATION:  L-T 

FREQUENCY:  10.  00-  30.  00  HZ 

ENVIRONMENT:  R.  T.  .  LAB  AIR 


YIELD  STRENGTH:  84.  3  KSI 
ULT.  STRENGTH:  89.  9  KSI 
SPECIMEN  THK: 

SPECIMEN  WIDTH: 
REFERENCES: 


ALUM. 

ALLOY 


7090 


AK  (MPA  y/m) 


STRESS  RATIO  =  +0.  06 


AK  (MPA  y/m) 


STRESS  RATIO 


STRESS  RATIO 


STRESS  RATIO 


AK  (KSI  Vrn) 
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Figure  E5.  Fatigue  Crack  Growth  Rate  Data  for  7090  Extrusions;  Boeing 


TABLE  El 3 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  E5  INDICATING  EFFECT 
OF  STRESS  RATIO 

Boeing 


DA/ UN  (JO** -6  IN.  /CYC 

0  (, 

H  i-o.  06 

A:  O  .  1  96 

DEL  I A  K  I) 

II  (h  0 
I) 

1  07 
;•»  ?>'f 

a.  /.o 
3  oh 
j.4  r> 

ii.i. 

A  ?6.  80  >  ;>rv 

Dr.  LI  A  KM: 

MAX  C 


to.  00 
1*3.  00 
to  00 
20.  00 

oo 
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CONDITION/HT:  T7E71 

ALUM. 

FORM:  1.  50 "TH  EXTRUSION 

YIELD  STRENGTH:  76.  8-  78.  5  KSI 

ALLOY 

SPECIMEN  TYPE:  CT 

ULT.  STRENGTH:  84.  6-  85.  9  KSI 

ORIENTATION:  T-L 

SPECIMEN  THK:  0.  245-  0.  498" 

FREQUENCY:  10.00-  25.00  HZ 

SPECIMEN  WIDTH:  1.968-  2.002" 

7090 

ENVIRONMENT:  R.  T. .  HI  HUMIDITY 

REFERENCES: 

TABLE  E14 
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FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  E6  INDICATING  EFFECT 
OF  STRESS  RATIO 


Alcoa  and  Rockwell 
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STRESS  CORROSION 


ALCOA  reported  there  was  no  exfoliation  corrosion  in  7090  extrusions 
using  an  accelerated  corrosion  test.  Boeing  reported  the  stress  corrosion 
cracking  threshold  for  90  days  exposure  was  greater  than  60  KSI  and  that  there 
was  a  very  slight  amount  of  exfoliation  but  no  pitting.  Tabular  stress 
corrosion  results  from  ALCOA  are  shown  in  Tables  E15  and  E16. 

SPECTRUM  FATIGUE  CRACK  GROWTH 

Figures  E7  to  E9  are,  respectively:  1)  a  specimen  drawing,  2)  results  of 
spectrum  fatigue  crack  growth  tests  using  the  Mini -TWIST  spectrum,  and  3)  the 
results  of  spectrum  fatigue  tests  using  the  FALSTAFF  spectrum.  These  data, 
developed  by  AFWAL,  are  shown  along  with  similar  data  for  7050-T76  plate.  The 
7090  is  inferior  to  7050. 
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lie  T/10  plane  was  that  plane  at  1/10  the  distance  from  the 
’bottom  surface"  of  the  extrusion  as  opposed  to  the  "top  surface 
tf  the  extrusion  which  provided  the  near  surface  plane  sample. 


(406) 


1000  2000  3000  4000  5000 

FLIGHTS 

Figure  ER.  Crack  Length  Versus  Flights  of  7090  Extrusion  Under  FALSTAFF  Loading. 


90- T7E71  Extrusion 

91- T7E69  Extrusion 


FLIGHTS 

Versus  Flights  of  7090  Extrusion  Under  Mini-TWIST  Loading 


APPENDIX  F 
IN9021  EXTRUSIONS 


Comment:  Extruded  IN-9021  was  supplied  by  Novamet.  However,  the  samples 
were  shipped  by  the  processor  before  a  final  heat  treatment  was  applied 
to  the  extrusions.  This  was  caused  by  the  fact  that  Novamet  had  not  yet 
determined  what  they  considered  the  best  aging  temperature.  Information 
on  final  aging  time  and  temperature  was  supplied  to  the  participants  and 
they  were  asked  to  process  the  extrusions.  It  is  assumed  that  unless 
stated  otherwise  the  participants  followed  the  recommended  schedule. 

This  data  base  on  IN-9021  consists  of  test  results  from  ALCOA,  Boeing, 
Lockheed-Cal ifornia,  Fairchild  and  Northrop.  It  is  assumed  that  four  of 
the  companies  processed  the  extrusions  according  to  the  information  pro¬ 
vided  by  Novamet,  that  being  24  hours  at  275°.  The  exception  is  Boeing; 
extrusion  processing  is  as  indicated  in  the  tables  and  this  data  was  not 
included  in  the  calculation  of  allowables. 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ 


TABLE  FI 

SUGGESTED  ALLOWABLES  FOR 
IN-9021  Extrusions;  5/8"  x  2-1/2 


88.3 

86.2 


83.1 

74.2 


60.1 

78.3 


47.2 

47.4 


(e/D=l .5)  118.2 
(e/D=2.0)  145.2 
LT 

(e/D=1 .5)  114.2 
(e/D=2.0)  149.3 


F 


by’ 


KSI 

L 

( e/D=l .5) 
(e/D=2.0) 
LT 

(e/D=l .5) 
(e/D=2.0) 


KIC,  KSIv/lN 

LT 

TL 


99.2 

117.8 

99.6 

120.9 


25.2 

28.0 


NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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TABLE  FI  3 

FATIGUE  RESULTS  FOR  IN9021  EXTRUSIONS:  R  =  0.1,  Kfc  =  1.0 


Stress 

Cycles 

Fail (1 ) 

PSI 

No  Fail (0) 

3  r  n  r  - 

l  7i  5f,7  r  " 

r 

3  G  [j  r  D 

L473C0 

r* 

3  -  '•  r  r 

3  24  "  n  D 

l 

3  7  n  0  G 

a  3  ?  ->  o  r  ^ 

i 

^  7  *>  «  r> 

r-  4 1  1 1  S  r. 

'i 

5  7 :  r  g 

134  4  =  9  00 

n 

•J  o  ->  r,  - 

l  r  c  7  "  '■ 

1 

3  r  L  G  2 

4  72  6  3  0C 

1 

c>  3  r;  g  f 

i 

'.Off  ,■> 

'•SC:!' 

■» 

X 

4  1 

1  C  o  '  r  n 

4 

4  r>  p  r,  - 

n  q  r.  ■■  - 

1 

^  o  r*  r\  * 

1  4  n  ' •  -  r 

1 

4 7  C  f  J 

17S&&0C 

2 

4  2  r  ; 

4  89  :•  c 

] 

4  -  r  ' 

l  r? : " o 

4 

4  r-  *  «  <■ 

1  1  e  "  r  r 

• 

4  L  D  :  c 

1  0  o  i  r  c 

1 

/|"  'H*  ^ 

1  ?  7  *>  «  ** 

4 

r-  •:  /> , 

3  2  C  C 

.1 
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LOG  (N)  =  R  *  B  *  (LOG  (S-CJ ) 

DRTASET  E2110R8.F 
fl  =  0 . 13000E  +  02 
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CYCLES  TO  FAILURE 
Figure  Fl. Fatigue  Results  for  IN9027  Extrusions;  F 


TABLE  F12 


IN-9021  EXTRUSION 


FRACTURE 

TOUGHNESS 

COMPANY 

ORIENTATION 

KIC 

(ksi^TnT 

KQ 

(ksiTinT 

COMMENT 

NORTHROP 

L-T 

28.0 

valid 

27.5 

invalid 

ALCOA 

25.6 

25.2 

LOCKHEED 

CA 

30.0 

25.9 

valid 

valid 

BOEING  (x) 

25.4 

val  id 

BOEING  (y) 

41.5 

val  id 

NORTHROP 

T-L 

28.0 

32.0 

valid 

invalid 

ALCOA 

30.3 

31.0 

BOEING  (x) 

28.5 

val  id 

(x)  T6X  solution  treated,  quenched,  stretched  v',  artificially  aged 

(y)  T6Y  solution  treated,  quenched  artificially  aged 
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TABLE  Fll 


IN-9021  EXTRUSION 
BEARING 


COMPANY 

ORIENTATION 

e/D 

ULT 

B  STR 
KSI 

YIELD 

B  STR 
KSI 

LOCKHEED 

TRANS 

2.0 

161 

153 

CA 

164 

152 

169 

165 

FAIRCHILD 

152.2 

123.7 

151.1 

120.9 

149.4 

123.6 

149.3 

124.2 
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TABLE  F10 
IN-9021  EXTRUSION 
BEARING 


COMPANY 

ORIENTATION 

e/D 

ULT 

B  STR 
KSI 

YIELD 
B  STR 
KSI 

LOCKHEED 

TRAN 

1.5 

133 

127 

CA 

128 

130 

127 

FAIRCHILD 

117.1 

104.1 

114.2 

99.6 

115.6 

100.6 

120.7 

108.2 
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TABLE  F9 


IN-9021  EXTRUSION 
BEARING 


COMPANY  ORIENT 


e/D  ULT  YIELD 

B  STR  B  STR 

KSI  KSI 


LOCKHEED  LONG 

CA 

FAIRCHILD 


2.0  164  139 

162  126 

162  143 

147.4  122.4 

148.5  121.5 

150.6  123.4 

145.2  119.5 

149.0  117.8 
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TABLE  F8 

IN-9021  EXTRUSION 
BEARING 


COMPANY 

ORIENTATION 

e/D 

ULT 

B  STR 
KSI 

YIELD 
B  STR 
KSI 

LOCKHEED 

LONG 

1.5 

134 

CA 

134 

111 

127 

109 

BOEING  (x) 

128.2 

BOEING  (y) 

123.8 

FAIRCHILD 

118.2 

103.2 

118.9 

99.2 

121.5 

105.7 

120.9 

103.5 

120.3 

105.4 

(x)  Solution  treated,  quenched,  stretched  4%,  artifically  aqed 

(y)  Solution  treated,  quenched  artificially  aged 


TABLE  F7 


IN-9021  EXTRUSION 
SHEAR 


COMPANY 

ORIENTATION 

ULT 

SHEAR  STR 

LOCKHEED 

TRANS 

48.0* 

CA 

47.7* 

47.4* 

BOEING  (x) 

44.6 

43.8 

FAIRCHILD 

48.2 

49.7 

53.6 

*  Double  Shear  Tests 

(x)  Solution  treated,  quenched,  stretched  4%,  artificially  aged 


TABLE  F6 


IN-9021  EXTRUSION 
SHEAR 


COMPANY  ORIENTATION  ULT 

SHEAR  STR 


LOCKHEED  LONG 

49.1* 

CA 

49.0* 

48.5* 

BOEING 

43.8 

44.6 

FAIRCHILD 

48.4 

47.7 

47.2 

48.4 

48.6 

49.9 

*  Double  Shear  Tests 

(x)  Solution  treated,  quenched,  stretched  4%,  artificially  aged 


TABLE  F5 


IN-9021  EXTRUSION 
COMPRESSION 


COMPANY 

ORIENTATION 

COMP  YIELD 
STR  ( KSI ) 

LOCKHEED 

TRANS 

83.2 

ROUND 

84.6 

ROUND 

78.3 

ROUND 

BOEING  (x) 

83.1 

84.5 

(x)  Solution  treated,  quenched,  stretched  4%,  artificially  aged 
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COMPANY  ORIENTATION  COMP 

YIELD  STR 
KSI 


LOCKHEED  LONG  75.9 

CA  76.3 

74.4 

BOEING  (x)  77.0 

77.7 

BOEING  (y)  84.7 

84.5 

FAIRCHILD  60.6 

65.1 

63.8 

60.9 

60.6 

60.1 


FLAT 

FLAT 

FLAT 


(x)  Solution  treated,  quenched,  stretched  4%,  artificially  aged 

(y)  Solution  treated,  quenched,  artificially  aged 


TABLE  F3 


IN-9021  EXTRUSION: 

5/8"  x  2-1/2" 

TENSILE 

COMPANY 

ORIENTATION 

ULT 

YIELD 

ELONG 

STR, 

STR, 

% 

KSI 

KSI 

LOCKHEED 

TRA’*S 

76.6* 

63.8* 

5* 

CA 

75.2* 

62.2* 

8* 

87.2 

74.2 

10 

NORTHROP 

87.4 

77.0 

10.0 

86.8 

76.4 

10.0 

87.6 

80.2 

9.0 

ALCOA 

86.2 

74.8 

11.0-x 

8.0  d 

87.3 

74.9 

86.9 

74.9 

11.0 

*  Failed  @  surface  flaw  or  in  radius.  Eliminated  from  analysis 
(d)  Failure  outside  of  middle  half  of  gage  length 


TABLE  F2 


COMPANY 

ORIENTATION  ULT 

YIELD 

ELONG, 

STR, 

STR, 

% 

KSI 

KSI 

LOCKHEED 

LONG  91.4 

83.6 

10 

CA 

91.7 

84.7 

10 

91.8 

84.6 

10 

NORTHROP 

90.5 

86.9 

89.6 

85.4 

8.0 

90.3 

86.9 

ALCOA 

89.9 

84.5 

9-3ib)( 

9.3^’ 

88.3 

83.3 

89.0 

83.8 

7.9 

BOEING 

93.3 

87.0 

6.1  (x! 

92.5 

86.6 

8.8 

91.7 

86.0 

5.5 

BOEING 

84.3 

84.3 

li.o  (y] 

82.0 

82.0 

11.1 

83.5 

83.5 

5.5 

FAIRCHILD 

90.5 

90.0 

8.4 

90.2 

87.1 

9.1 

89.1 

87.3 

9.2 

89.2 

83.1 

8.4 

90. 1 

85.7 

8.0 

89.1 

85.9 

8.3 

89.5 

85.2 

9.3 

90.0 

86.3 

8.6 

86.8 

82.6 

7.5 

(x)  T6X: 

solution  treated,  quenched,  stretched  4%, 

artificially  aged 

(y)  T6Y: 

solution  treated,  quenched,  artificially  aged 

(b)  Internal  discontinuity 

(c)  Fragmented  fracture 


TABLE  FI 4 


FATIGUE  RESULTS  FOR  IN9021  EXTRUSIONS: 


R  =  0 


Stress 

Cycles 

PSI 

225  or 

1  00  000  00 

2  4  n  ' 

}  n"  1  Tf;  ^ 

2  6  C'J  •? 

293063 

2  6  0  0  " 

184 1 76 

2  P  n  r  •  j 

2  61  jTP 

2  c  2  r  r. 

241 ? 0  0 

?  75  lit 

6  3111 

9  7  5  "  -J 

r'64  3  0 

2  75'1: 

860  0  0 

2  75  OU 

85C  0  0 

7  0  3  C  0 

55«7? 

3rcor 

2  ?  0  -  r  o 

3  r  0  0  0 

215  0  OC 

3*000 

42690C  0 

31000 

670 C  0 

316  0  0 

940  o  C 

3  2  0  C  0 

2  0  2  7  0 

3  0  c  ^  0 

161  1  1 

325^0 

26002 

3  4  9  °  0 

16024 

3  5  0  C-  0 

460  0 

Fail  (1 ) 

No  Fail (0) 

r 

r 

1 

1 

1 

1 

1 

1 


1 

1 

1 

1 

1 

1 

1 

J 

1 

1 

1 


C3 

S3 

cs 
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LU 
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uu 
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ro 

oj 
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TABLE  F15 


FATIGUE  DATA  FOR  IN-9021  EXTRUSIONS:  R=0.1,  ^=3.0 


Stress 

PSI 

Cycles 

Fail  (1) 

No  Fail  (0) 

24000 

159100 

1 

24000 

8752650 

1 

24000 

10805550 

0 

24000 

11060900 

0 

26000 

57500 

1 

26000 

83000 

1 

26000 

510200 

1 

26000 

32990400 

1 
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CONOITICN/Hi: 
FORM'  B.  U0~ 
SPECIMEN  TYPE: 
ORIENTATION:  L- 
EREQUENCY: 
ENVIRONMENT: 


0. 63" TH  EXTRUSION 
Cl 
T 

S.  00-  OS.  00  HZ 
R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  83.0-  00.4  KSI 

ULT.  STRENGTH:  89.]--  91.0  KOI 

SPECIMEN  THK  U.  IT' 3-  0.000" 

SPECIMEN  WIDTH:  1.  497-  0.200“ 

REFERENCES: 


ALUM. 

ALLOY 


1119021  1 


AK  (MPA  v/m) 

4  10  40 

T  “HTTIT — TTT 

STRESS  RATIO  =  +0.  10 


1,.* 


AK  (MPA  v/ni) 

4  10  40  101 


.J__.jlJ.jJ 


STRESS  RATIO  =  +0.  00 


STRESS  RATIO 


10  2 


io3 1 


10  w 
•o 


Id"  i - 1 — l_Li_LlLlL _ I — i_J_lu.Lu □ 

!  4  10  40  100 

AK  (KSI  \/Tn) 


io°  i _ i — L_L.bJxi.il  _.n 

1  4  10  40  100 

AK  (KSI  v^n) 


Fiyure  F4. Fatigue  Crack  Growth  Rate  Data  for  IN9021  Extrusions;  Alcoa,  Lockheed-CA,  Northrop 


TABLE  F16 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  F4  INDICATING  EFFECT 
OF  STRESS  RATIO 

ALCOA,  Lockheed-CA,  and  Northrop 


NAlf.lUAI  ALUMINUM  IN90PJ 

i OND1TION: 

r  HV/IRONML'NT:  h  T  .hi  HUMIDITY 


UL  i  i  A  K 
(KF.I  1  Z'tL) 


DA/UN  <li>**-6  IN.  /CYCLE;) 


nr-LTA  k 
MJ  N 


•A  tO.  10 

30 

11-  +0.  00 

A: 

1 

7ft 

0420 

C: 

1 

3C 

.  0144 

v*  . 

.1 

no 

.  161 

D: 

1  . 

1  jK) 

0/16 

f> 

00 

0646 

.  137 

.  134 

.  200 

.  5700 

J 

C  0 

.  230 

.  360 

.  321 

* 

•t-o 

JJ3 

.  660 

.  4 '79 

-4 

00’ 

067 

.  33/ 

.  7  70 

51 

GO 

1  C'rJ 

1.  "6 

1 .  64 

A 

00 

1 . 7  / 

3.  ?1 

7 

0  . 

P.  66 

•  ’» 

00 

3.  74 

*  ; 

00 

v  Ol 

5  0 

v  0 

44 

t  '3 

00 

117 

16. 

or 

1  3.  2 

MO 

00 

2  3.  4 

5!  5 

GO 

6  6  1. 

30 

00 

.  3.  4 

f. 

::3. 

4  V 

l  '  i 

1! 

6. 

01 

?.  r>3 

C 
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*  *.« 
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CONDITION/HT : 

FORM:  0.  80"TH  EXTRUSION 

SPECIMEN  TYPE:  OTH 
ORIENTATION:  L-T 
FREQUENCY:  25.00  HZ 

ENVIRONMENT:  R.  T.  .  LAB  AIR 


YIELD  STRENGTH:  88.5  KSI 
ULT.  STRENGTH:  82.5  KSI 
SPECIMEN  THK:  0.  000" 
SPECIMEN  WIDTH:  0.  000" 
REFERENCES: 


ALUM. 

ALLOY 


IN9021 


TABLE  F17 


i  FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 

j  OF  STRESS  INTENSITY  FACTOR 

!  DATA  ASSOCIATED  WITH  FIGURE  F5  INDICATING  EFFECT 

|  OF  STRESS  RATIO 

1  Boeing 

I  ' 

\  ■ 

MATERIAL:  ALUMINUM  IN9021 

CONDITION: 


ENVIRONMENT:  R.  T. 

> LAB  AIR 

DELTA  K 

DA/DN  < 10**— 6  IN.  /CYCLE) 

<KSI*IN**l/2> 

% 

A 

R=+0.  10 

B  C 

A:  6.  20 

DELTA  K  B: 

MIN  C: 

D: 

1.  87 

7.  00 

3.  21 

a.  00 

4.  79 

9.  00 

6.  73 

10.  00 

Q.  46 

A:  12.  64 

DELTA  K  B: 

MAX  C: 

D: 

14  2 
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CONDITION/HT. 

FORM:  0.  S0~  0.  63"TH  EXTRUSION 

SPECIMEN  TYPE:  CT 
ORIENT  ATION:  T-L 

ERFOUENCY:  5.  00--  2S.  00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  74.9-  77.9  KSI 

ULT.  STRENGTH:  06.  8-  07.  3  KSI 

SPECIMEN  1  HK:  0.124-  0.23 1" 

SPECIMEN  WIDTH:  1.999-  2.007" 

REFERENCES: 


ALUM. 

ALLOY 


IN90P 


AK  (MPA  -v/m) 

4  10  40  100 


AK  (MPA  v/m) 

4  10  40  100 

'TTTTT1Trf - rT  TTTTTT' 

STRESS  RATIO  =  +0.  33 


L.LUjli 


STRESS  RATIO 


STRESS  RATIO 


_J  -Ixl.iJ  iL _ L_  L.LlLJ  'J _ 

4  10  40  100 

AK  (KSI  \/m) 


Iff0  I _ 1~JJ-  L-JUi _  1-J  J-LiiJjl. 

1  *1  10  40  100 

(KSI  V^l) 


iqure  F6 .  Fatigue  Crack  Growth  Rate  Data  for  IN9021  Extrusions;  ALCOA  and  Northrop 


TABLE  FI 8 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  F6  INDICATING  EFFECT 

OF  STRESS  RATIO 


ALCOA  and  Northrop 


INVOc'i 


il'V!  f  RIAL;  ALUMINUM 
DON Dll  ION: 

LWVIROMMF.N'I  :  k  T.  ,  Hi  HUMIDITY 


DLL  TA  K 
(KS1  *1  N*  «!/?> 


DLL TA  K  R 
H(N  C 

D 


1.  17 
l.  25 


1 .  30 
1  60 

2  00 


3.  00 
3  50 
A  00 


6  00 


L 


fo-t-o.  JO 
0006 


0392 

0/10 

i 

245 

3V6 

l::9 

s:-.‘6 


:  0  0.. 

",  1 

::iv  o-.v 

/  7 

• 

30  00 

l :  ‘9 

c 

1*' 

1 

177 

A : 

r.-o.  fif» 

:  a  . 

.  LA..  T  A  K  f> 

7.  6w 

Hi  X  C. 
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R--+0.  33 
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.  0705 
.  134 
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.  406 
.  626 
.  929 


00 

i 

44 

1  90 

(. » 

1/  *  / 

26 

3.  60 

/. 

00 

3 

30 

a.  e« 

» 
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:>3 
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10 
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7 
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CORROSION 


Corrosion  related  properties  of  IN-9021  were  reported  by  two  companies. 
ALCOA  reported  on  the  exfoliation  resistance  while  Boeing  reported  on  both 
stress  corrosion  cracking  and  exfoliation.  Their  findings  are  detailed  in  the 
following  write-ups  and  table. 

SPECTRUM 

Spectrum  fatigue  of  joint  specimens  was  reported  by  Lockheed-CA  while 
Northrop  studied  spectri"’  crack  growth  characteristics.  Lockheed  found 
IN-9021  to  be  equivalent  to  7075-T6  sheet  in  the  joint  tests.  The  spectrum 
fatigue  test  results  from  Northrop  are  complicated  by  the  fact  that  the 
IN-9021  specimens  were  not  as  wide  as  the  other  specimens  tested.  The  IN-9021 
samples  were  2.4  inch  wide  while  all  other  specimens  were  4  inch  wide.  It  is 
estimated  that  for  the  tension  dominated  spectrum  this  would  result  in  a 
decrease  of  25  percent  in  life. 
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STRESS  CORROSION  RESULTS  FROM  ALCOA 


;>  1 :  ■  -  9  C  2 1  Extrn.sion 

The  CCC  resistance  of  the  Novamot  produced  IK-9021  vns  not 
determined.  Because  of  the  small  size  of  the  extruded  shape, 
short-transverse  specimens  of.  a  satisfactory  size  and  type  could 
not  be  obtained. 

The  exfoliation  resistance  of  the  IK-9021  extrusion  was 
determined  by  exposing  a  duplicate  set  of  three  machined  panels 
to  the  MASTMAASIS  test.  The  panel  specimens  of  each  set  wore 
removed  from  the  extrusion  in  such  a  way  that  the  machined 
surface  of  one  panel  was  from  the  "near  surface"  of  the  extrusion 
while  that  of  the  second  and  third  panels  was  from  the  T/10  and 
T/2  pianos  of  the  extrusion .  respectively.  Though  exposed  .in  the 
same  test  chamber,  one  set  of  panels  was  tested  at  a  different 
tome  than  the  other.  A  visual  examination  after  3  days,  7  days, 
and  finally  2  weeks  of  exposure  revealed  that  the  performance  of 
loth  sets  of  panels  was  similar.  In  no  case  was  there  any 
evidence  of  exfoliation  corrosion.  Randomly  scattered  pitting 
was  observed  on  the  "near  surface,"  T/10  and  T/2  machined  planes 
of  both  sots  of  panels.  Upon  completion  of  the  two -week 
exposure,  the  panels  revealed  that  the  pits  ranged  in  size  from 
minute  (pinpoint  size)  to  as  largo  as  4.8  mm  (3/16")  in  diameter. 
There  was  a  preponderance  of  the  large  size  pits  on  the  "near 
surface"  and  T/2  plane  panels.  A  survey  of  the  pit  depth  with  a 
Sr.arr.ctt  Pit  Depth  Gauge  of  several  of  the  larger  pits  indicated 
that  the  depths  ranged  from  0.15  mm  (0.0GG")  to  1.1-1  mm  (0.045"). 
wi Lh  the  T/2  plane  panels  containing  more  pits  near  the  deep  end 
of  the  range  than  the  "near  surface"  or  T/10  plane,  panels. 
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Corrosion  Results  From  BOEING. 


(a)  T6X:  solution  treated,  quenched,  stretched  4%,  artifically  aged 

(b)  TbY:  solution  treated,  quenched,  artifically  aged 


TABLE  F20 


Results  from  Lockheed-CA 

SPECTRUM  FATIGUE  OF  RIVETED  JOINTS 


Flight-by-flight  spectrum  fatigue  tests  were  conducted  on  a  lk-inch- 
wide  single-lap  riveted  joints.  Figure  F7  shows  the  joint  geometry. 
The  Minitwist  spectrum  (Modification  "A")  was  used  for  loading  all 
joint  specimens,  at  a  1-g  flight  (mean)  stress  of  10.0  ksi.  The 
flights  to  specimen  failure  are  noted  in  the  following  table. 


Joint 

Specimen 

Flights  to 

Geometric 

Material 

Number 

Failure 

Mean 

X709  1-T7E69 

B2 

19,94  1 

24,  100 

Plate 

B3 

29,203 

X709  1-T7E69 
Extrusion 

C2 

C3 

80,011 

17,507 

37,400 

IN902  1 

m 

17,321 

40,800 

Extrusion 

WmBm. 

96,055 

7075-T6 

FI 

50,788 

39,000 

Sheet 

F3 

29,991 

A  comparison  of  the  geometric  mean  of  flights  to  failure  shows  an 
equivalent  performance  for  the  X7091-T7E69  and  IN902 1  Extrusion 
and  7075-T6  Sheet,  while  the  X7091-T7E69  Plate  has  a  shorter  fatigue 
life.  Significant  scatter  was  exhibited  by  both  extrusion  materials. 

Based  on  visual  examination,  inclusions  were  noted  in  the  fracture 
surfaces  of  the  IN902 1  material.  The  specimens  were  consequently 
sent  to  the  Calac  Materials  Laboratory  for  investigation.  The  labora¬ 
tory  confirmed  the  inclusions.  Analyses  performed  by  use  of  a 
scanning  electron  microscope  and  energy  dispersive  x-ray  analysis 
(EDAX)  showed  the  inclusions  had  high  concentrations  of  copper, 
chromium,  and  iron  in  comparison  to  the  base  metal. 
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Figure  G2. Fatigue  Results  for  7091  Plates;  R=0.1,  K^.=3.0 


TABLE  G9 

FATIGUE  RESULTS  FOR  7091  PLATES:  R=0.1,  Kt=1.0 


STMP 

4 1  i  1 1 

CYCLES 

1  4^  n  7  0  0  i.: 

FAIL  ( 1 ) 

NO  FAIL ( 0 ) 

f. 

4 1 "  'i  •; 

1  ?!">(■  1  OC 

f 

4  3  C  r: ' 

r OF  150  0 
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4  r  r  ->  '■ 
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CYCLES  TO  FAILURE 


TABLE  G8 

7091 -T7E69  PLATES 
FRACTURE  TOUGHNESS,  KjC 

COMPANY  ORIENTATION  KC  KQ  COMMENT 

{KSI  vIV)  ( KSI  vIN) 


GENERAL  DYNAMICS  L-T 


51.1  Insufficient  thickness 
52.0 


ALCOA 


141.1  invalid 

<140.0  invalid  Grip-end  failure 


GENERAL  DYNAMICS  T-L 


36.2  Insufficient  thickness  and 
PhAX/PQ  exceeds  1.1 

35.3 
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TABLE  G7 


7091 -T7E69  PLATES 
BEARING 


COMPANY 

ORIENTATION 

e/D 

BEARING 

ULT  STR 
( KSI) 

BEARING 
YLD  STR 
(KSI) 

ALCOA 

LONG 

1 .5 

126.7 

110.9 

127.8 

108.5 

124.4 

106.7 

ALCOA 

2.0 

163.7 

122.0 

160.0 

123.0 

154.7 

119.8 

ALCOA 

TRAN 

1.5 

132.2 

112.9 

130.3 

110.9 

132.8 

114.0 

ALCOA 

2.0 

166.7 

130.2 

163.7 

127.9 

163.3 

123.5 
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TABLE  G6 

7091 -T7E69  PLATES 
SHEAR 


COMPANY  ORIENTATION  SHEAR  STRENGTH 

(KSI) 


ROCKWELL  LONG  52.8 

50.0 

53.5 

ALCOA  52.0 

48.5 

50.5 

ROCKWELL  TRANS  49.2 

52.4 

50.6 

ALCOA  49.9 

48.7 
49.6 
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TABLE  G5 


7091 -T7E69  PLATES 
COMPRESSION 


COMPANY 

ORIENTATION 

COMP  YIELD 

STR 

(KSI) 

ROCKWELL 

TRANS 

85.8 

85.5 

86.4 


ALCOA  85.0 

82.6 

83.4 
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TABLE  64 

7091 -T7E69  PLATES 
COMPRESSION 


COMPANY 

ORIENTATION 

COMP 

YIELD  STR 

(KSI) 

ROCKWELL 

LONG 

78.9 

80.9 

81.9 


ALCOA  77.3 

74.1 

75.4 


SW5» 


TABLE  G3 

7091 -T7E69  PLATES 
TENSILE 


COMPANY 

TEST  ORIENTATION 

TEMP 
(°F) 

ULT 

STR 
( KSI) 

YIELD 

STR 

(KSI) 

ELONG 

(%) 

ROCKWELL 

RT 

TRANS 

86.3 

80.0 

9.9 

87.0 

81.4 

10.0 

87.3 

82.0 

11.1 

GENERAL 

85.1 

78.3 

8.0 

DYNAMICS 

84.8 

78.2 

7.0 

85.2 

78.8 

7.0 

ALCOA 

86.5 

79.6 

10.0 

83.5 

76.8 

9.0 

85.2 

77.7 

11.0 

NORTHROP 

82.1 

75.6 

5.0 

Flat 

81.0 

73.2 

8.0 

II 

81 .3 

76.6 

7.0 

II 

84.6 

77.2 

9.0 

II 

79.5 

73.6 

6.0 

II 

81.4 

74.4 

7.0 

II 

83.0 

76.9 

10.0 

II 

81.8 

76.9 

9.0 

II 

81.1 

75.7 

6.0 

II 

78.6 

72.6 

5.0 

II 

80.0 

72.8 

5.0 

II 

74.5 

68.3 

5.0 

II 

87.4 

81.8 

8.0  Round(a) 

87.0 

81 .4 

8.0 

II 

81.7 

75.1 

7.0  Round(b) 

81.9 

75.5 

10.0 

II 

(a)  18  „ 

Recrystal  1 ized  grain 

structure  in 

cross  sectional 

area 

(b)  25a, 

Recrystal  1 ized  grain 

structure  in 

cross  sectional 

area 

*  Eliminated  from  analysis 


TABLE  G2 

7091 -T7E69  PLATES: 

TENSILE 

l/4(.4)"xl6 

II 

COMPANY 

TEST 

ORIENTATION 

ULT 

YIEI 

TEMP 

m 

STR 
(KSI ) 

STR 

(KSI 

ROCKWELL  RT 

LONG 

84.4 

78.5 

11.2 

84.6 

78.5 

11.0 

82.6 

77.3 

8.3 

GENERAL 

83.6 

76.8 

10.0 

DYNAMICS 

82.7 

76.3 

7.0 

82.3 

75.5 

9.0 

AFWAL 

82.7 

75.9 

11.0 

82.9 

76.3 

11.0 

82.4 

76.2 

11.2 

ALCOA 

78.8 

74.5 

13.0 

77.3 

71.7 

11.0 

78.5 

72.8 

12.0 

NORTHROP 

79.2 

74.4 

10.0 

Flat 

79.5 

74.2 

9.0 

II 

77.6 

72.6 

10.0 

II 

82.1 

75.5 

9.0 

II 

79.8 

76.1 

6.0 

II 

81.3 

74.2 

10.0 

II 

79.7 

75.0 

9.0 

II 

78.4 

74.1 

10.0 

II 

77.7 

73.4 

9.0 

II 

82.1 

74.4 

10.0 

II 

84.4 

77.7 

10.0 

II 

81.9 

74.8 

7.0 

II 

85.4 

79.5 

9.0  Round  (a  ) 

84.7 

79.1 

9.0 

II 

83.2 

75.5 

8.0  Round(b  ) 

82.5 

76.1 

9.0 

II 

(a)  18%  Re  crystallized 

grain 

structure 

in 

cross  sectional 

area 

(b)  25%  Re  crystal  1 i zed 

grain 

structure 

in 

cross  sectional 

area 

*  Eliminated  from  analysis 
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TABLE  SI 


SUGGESTED  ALLOWABLES  FOR 
7091 -T7E69  PLATES;  l/4( .4)Mxl6" 

KSI 

L  78.5 

LT  79.1 


73.3 

72.7 


74.1 

82.6 


F 

su 


,KSI 

L 

LT 


Fbu,KSI  >/lN“ 

L 

(e/D=l .5) 
(e/D=2.0) 


48.5 

48.7 


124.4 

154.7 


LT 

(e/D=l .5)  130.3 

(e/D=2.0)  163.3 

Fby,KSI  l/liT 
L 

(e/D=l .5)  106.7 

(e/D=2.0)  119.8 

LT 

(e/D=l  .5)  110.9 

(e/D=2.0)  127.9 


NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 


m 
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APPENDIX  G 
7091 -T7E69  PLATES 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  In  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware.  _ 


-•-*  -•  irV-.. 
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TABLE  F22 


Results  From  NORTHROP 

Ranking  of  Aluminum  Alloys  &  Terriers  Under 
Spectrum  Loading  with  21  ksi  Peak  Stress 
Based  on  Simulated  Flight  hours  for  Crack 
Growth  from  6  mm  to  Failure 


Tension  Dominated  Spectrum 
(F-18/C2,  Lower  Wing  Root  Load) 


Tension-Compression  Spectrum 
(F-18/E3,  Horizontal  Tail  Hinge  Moment  Load) 


Material* 


Hours  to  Failure** 


Material* 


Hours  to  Failure** 


2024-T351 

22,100 

7091-T7E69  Plate 

15,800 

7475-T651 

19,000 

2024-T351 

15,400 

7091-T7E69  Plate 

18,600 

7091-T7E69  Extrusion 

15,300 

2020-T651 

18  '00 

7475-T651 

14,900 

2324-T39 

17 ,u00 

2324-T39 

14,400 

7091-T7E69  Extrusion 

15,300 

7475-T7351 

13,400 

7475-T7351 

15,000 

7050-T7451 

13,200 

7050-T7451 

14,900 

2020-T651 

13,100 

7150-T6E189 

13 ,000 

7150-T6E189 

11,300 

7075-T7351 

12,900 

7075-T7351 

10,700 

2124-T851 

11,200 

2124-T851 

9,100 

7075-T651 

10,800 

7075-T651 

8,900 

IN9021-T851  Extrusion 

9,100 

2024-T851 

7,100 

2024-T851 

8,500 

IN9021-T851  Extrusion 

3,400 

*A11  material  is  plate  except  where  noted.  Round  Robin  materials  are  underlined. 
Remaining  materials  are  from  Contracts  N00019-80-C-0427 ,  N00019-81— C-0550 ,  and 
N00019-82-C-0425  and  Northrop  IR&D.  Round  Robin  specimens  differed  as  noted  in 
the  text. 

**A11  data  is  the  average  of  two  tests  except  F-18/C2  data  reported  for  IN9021-T851 
which  was  from  one  test.  Multiple  test  data  were  logarithmically  averaged.  All 
data  is  rounded  to  the  nearest  100  hours. 


TABLE  F21 


Results  From  NORTHROP 

Spectrum  Fatigue  Data  for  7091-T7E69  Plate 
and  IN9021-T851  Extrusion  Relative  to  Data 
for  7075-T735* ,  7075-T651  and  2324-T39 

SIMULATED  FLIGHT  HOURS  FOR  CRACK  GROWTH  FROM  6  mm  TO  FAILURE 


Tension  Dominated  Spectrum  Tension-Compression  Spectrum 

Spectrum _ (F-18/C2,  Lower  Wing  Root  Load)  (F-18/E3,  Horizontal  Tail  Hinge  Moment) 


Peak  Stress 


21  ksi 


15  ksi 


21  ksi 


15  ksi 


Material 


7091-T7E69  Plate 


Specimen 

P-1E-2  19,668 
P3  17,635 


Specimen 
P-1E-1  14,882 


P4 


16,867 


Log  Averaged 


18,624 


15,843 


IN9021-T851  Extrusion 


Specimen 

6C-16 

6C-18 


9,145 


22,640 


Specimen 

6A-12 

6B-14 

6D-17 


3,282 

3,611 


33,297 


Log  Averaged  3,443 


7075-T7351  Plate* 


12,900 


7075-T651  Plate* 


10,800 


2324-T39  Plate* 


17,800 


27,300 

53,700 


10,700 

8,900 

14,400 


25,300 

42,900 


*Data  from  the  final  report  "Investigation  of  Fatigue  Crack-Growth  Resistance  of 
Aluminum  Alloys  Under  Spectrum  Loading,"  Contract  N00019  -81-C-0550.  Specimens 
differed  from  those  used  for  the  Round  Robin  as  noted  in  the  text. 
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TABLE  S10 


FATIGUE  RESULTS  FOR  7091  PLATES:  R=0.1,  Kt 


STRESS 
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FAIL  (1) 
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CONDITION/HT:  T7E69 
FORM:  0.  40  "TH  PLATE 

SPECIMEN  TYPE:  CT 
ORIENTATION:  L-T 
FREQUENCY:  2.00-  25.00  HZ 

ENVIRONMENT:  R.  T.  .  HI  HUMIDITY 


YIELD  STRENGTH:  73.  0-  79.  3  KSI 

ULT.  STRENGTH:  78.  2-  85.  1  KSI 

SPECIMEN  THK:  0.124-  0.252" 

SPECIMEN  WIDTH:  1.999-  2.004" 

REFERENCES: 


ALUM. 

ALLOY 


7091 


AK  (MPA  v/ni) 


AK  (MPA  y/m) 


STRESS  RATIO  =  ^0.  10 


STRESS  RATIO  =  +0.  33 


STRESS  RATIO 


STRESS  RATIO 


AK  (KSI  Vm) 


AK  (KSI  >/m) 


Figure  G3.  Fatigue  Crack  Growth  Rate  Data  for  7091  Plates;  ALCOA  and  Northrop 


TABLE  Gil 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  G3  INDICATING  EFFECT 

OF  STRESS  RATIO 

ALCOA  and  Northrop 


MATERIAL:  ALUMINUM 
CONDITION:  T7E69 
ENVIRONMENT:  R.  T 

7091 

i HI  HUMIDITY 

DELTA  K 

DA/DN  <10**-6  IN.  /CYCLE) 

(KSI*IN*h«1/2> 

A 

B  C 

D 

R=+0.  10 

R=+0.  33 

A:  1.84 

.  021 

DELTA  KB:  1 .  e3 

.  017 

MIN  C:  1 

D: 

a.  00 

.  0335 

.  0324 

2.  50 

.  104 

.  133 

3.  00 

.  24  5 

.  331 

3.  50 

.  481 

.  721 

4.  00 

.  834 

1.  26 

5.  00 

1.  95 

2.  86 

6.  00 

3.  64 

5.  20 

7.  00 

5.  92 

8.  34 

8.  00 

8.  73 

12.  4 

9.  GO 

12.  0 

17.  6 

10.  00 

15.  7 

24.  3 

13.  CO 

23.  1 

56.  7 

16.  00 

41.  5 

121. 

20.  00 

58.  7 

25.  00 

77.  4 

30.  00 

92.  1 

35.  00 

103. 

A:  37  67 

108. 

DELTA  KB;  10  22 

208. 

MAX  C 
D 


CONDITION/HT:  T7E69 
FORM:  0 . 40 11 TH  PLATE 

SPECIMEN  TYPE:  WOL 
ORIENTATION  L-T 
STRESS  RATIO:  +0.10 
FREQUENCY:  1.00-  9.00  HZ 


YIELD  STRENGTH:  76 . 2  KSI 
ULT.  STRENGTH:  82.9  KSI 
SPECIMEN  THK:  0.386-  0.391" 

SPECIMEN  WIDTH:  2.560-  2.597“ 

REFERENCES: 


lALUM  . 
ALLOY 


7091 


TABLE  G12 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  G4  INDICATING  EFFECT 

OF  ENVIRONMENT 

GENERAL  DYNAMICS 


MATERIAL:  ALUMINUM 
CONDITION:  T7E69 


7 ' 9  1 


da  /hn  <ic** -6  ] 

[M. /CYCLE ) 

A 

B 

C 

E  =  R  .T  . 

E=  R.T. 

HI  HJMIDITV 

LAB  AIR 

CONDITION/HT.  T7E69 
FORM:  0.  40"TH  PLATE 

SPECIMEN  TYPE:  WOL 
ORIENTATION  L-T 
STRESS  RATIO:  +0.  30 
FREQUENCY:  1.00  HZ 


YIELD  STRENGTH:  76.  2  KSI 
ULT.  STRENGTH:  82.  9  KSI 
SPECIMEN  THK:  0.330" 
SPECIMEN  WIDTH:  2.  549" 
REFERENCES: 


Figure  55. Fatigue  Crack  Growth  Rate  Data  for  7091  Plates;  General  Dynamics 


TABLE  613 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 


DATA  ASSOCIATED  WITH  FIGURE  65  INDICATING  EFFECT 


OF  ENVIRONMENT 

GENERAL  DYNAMICS 

MATERIAL:  ALUMINUM 

7091 

CONDITION:  T7E69 

DELTA  K 

DA/DN  (10**-6  IN.  /CYCLE) 

(KS I* IN** 1/2) 

A  B  C  D 

E  -  R.  r. 

SUMP  TANK  WTR 

A:  4.  01 

.  694 

DELTA  K  B: 

MIN  C. 

D: 

5.  00 

5.  62 

6.  00 

9.  31 

7.  00 

16.  9 

8.  00 

26.  3 

9.  00 

35.  5 

10.  00 

43.  6 

13.  00 

61.  3 

16.  00 

73.  7 

A 

DELTA  K  B 
MAX  C 


10.  85 


86.  0 


CONDITION/HT:  T7E69 
FORM:  0.40" TH  PLATE 

SPECIMEN  TYPE:  CT 
ORIENTATION:  T-L 
FREQUENCY:  2.00-  25.00  HZ 

ENVIRONMENT:  R.T..HI  HUMIDITY 


AK  (MPA  y/m) 


STRESS  RATIO  =  +0.10 


YIELD  STRENGTH:  76.5-  B1.6  KSI 

ULT  STRENGTH:  62. 0-  87.2  KSI 

SPECIMEN  THK:  0.124-  0.251" 

SPECIMEN  WIDTH:  1.936-  2.005" 

REFERENCES: 


AK  (MPA  y/m) 

H  r“ 

STRESS  RATIO  =  +0.33 


ALUM  . 
ALLOY 


10  2  ^ 


2 

.  TJ 

10  m 
*o 


STRESS  RATIO 


STRESS  RATIO 


.p 

10  oT 


10  4  1 
■o 


AK  (KSI  >/Jn) 


AK  (KSI  >/7n) 


Figure  G6.  Fatigue  Crack  Growth  Rate  Data  for  7091  Plate;  ALCOA  and  Northrop 


TABLE  G14 

FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  G6  INDICATING  EFFECT 

OF  STRESS  RATIO 
ALCOA  and  NORTHROP 


MAT  TRIAL:  ALUM\"J‘‘ 
CONDITION:  T7E69 

ENV  IRONMFfJT  :  F.T. 

7091 

«  H 1  I.UMIDITY 

delta  k 
(KSI *IN+*l/2) 

A 

CA/DN  <10**-b  IN. /CYCLE) 

p  C 

D 

:  F=*0.13 

P= ♦ C • 33 

a  : 
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.007 
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14.3 

10.00 

11.6 
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2  .  w  j 
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3P.CC 

254. 

a  : 

3fl.rl 

394. 

DELTA  « 

p : 

2b  .72 

45  C  • 

VAX 

c : 

d  : 

235 


J 


Spectrum  Fatigue 


Spectrum  fatigue  crack  growth  of  7091  plate  was  performed  by  three 
participants.  Northrop  used  two  different  spectra  and  found  that  relative  to 
other  structural  aluminum  alloys  the  7091  had  good  characteristics.  There  was 
one  qualification  of  the  results;  the  7091  plate  specimens  were  0.15  inch 
thick  while  all  other  samples  were  0.25  inch  thick.  This  may  have  caused  a 
slight  Increase  in  the  life  of  the  7091  specimens. 

General  Dynamics  performed  tests  on  flawed  and  unflawed  samples.  Each 
sample  had  a  hole  in  the  center  and  for  the  flawed  configuration  an  elox  notch 
was  put  in  the  hole.  Comparative  data  was  only  available  for  the  unflawed 
configuration  at  a  maximum  spectrum  stress  of  42  KSI  for  7475-T7351.  For 
these  conditions  the  7091  plate  had  a  longer  life. 

AFWAL  performed  tests  using  the  FALSTAFF  and  Mini-TWIST  spectra  along 
with  comparative  data  on  7050-T76  plate.  Irrespective  of  the  spectrum  the 
7091  had  better  lives  and  crack  growth  resistance  than  the  7050  plate. 

7091  plate  does  appear  to  be  resistant  to  spectrum  fatigue  compared  to 
other  structural  aluminum  alloys. 

Stress  Corrosion 

Exfoliation  testing  results  from  ALCOA  showed  the  7091  plate  having  good 
resistance  to  exfoliation  when  compared  to  the  7050-T6  plate. 


&&  tlift  V, 


V  -A >•*. A •• ' . 
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TABLE  G15 

Spectrum  Fatigue  Data  for  7091-T7E69  Plate 
and  IN9021-T851  Extrusion  Relative  to  Data 
for  7075-T7351,  7075-T651  and  2324-T39 
Results  From  Northrop 

SIMULATED  FLIGHT  HOURS  FOR  CRACK  GROWTH  FROM  6  mm  TO  FAILURE 


♦Data  from  the  final  report  "Investigation  of  Fatigue  Crack-Growth  Resistance  of 
Aluminum  Alloys  Under  Spectrum  Loading,"  Contract  N00019-81-C-0550.  Specimens 
differed  from  those  used  for  the  Round  Robin  as  noted  in  the  text. 


TABLE  G16 

Ranking  of  Aluminum  Alloys  &  Tempers  Under 
Spectrum  Loading  with  21  ksl  Peak  Stress 
Based  on  Simulated  Flight  hours  for  Crack 
Growth  from  6  mm  to  Failure 

Results  From  Northrop 


Tension  Dominated  Spectrum  Tension-Compression  Spectrum 

(F-18/C2,  Lower  Wing  Root  Load)  (F-I8/E3,  Horizontal  Tall  Hinge  Moment  Load) 


Material*  Hours  to  Failure** 

2024-T351  22,100 
7475-T651  19,000 
7091-T7E69  Plate  18,600 
2020- T651  18,500 
2324-T39  17,800 
7091-T7 E69  Extrusion  15,300 
7475-T7351  15,000 
7050-T7451  14,900 
7150-T6E189  13,000 
7075-T7351  12,900 
2124-T851  11,200 
7075-T651  10,800 
IN9021-T851  Extrusion  9,100 
2024-T851  8,500 


Material*  Hours  to  Failure** 

7091-T7E69  Plate  15,800 
2024-T351  15,400 
7091-T7E69  Extrusion  15,300 
7475-T651  14,900 
2324-T39  14,400 
7475-T7351  1 3,400 
7050-T7451  13,200 
2020-T651  13,100 
7150-T6E189  11,300 
7075-T7351  10,700 
2124-T851  9,100 
7075-T651  8,900 
2024-T851  7,100 
IN9021-T851  Extrusion  3,400 


*A11  material  is  plate  except  where  noted.  Round  Robin  materials  are  underlined. 
Remaining  materials  are  from  Contracts  N00019-80-C-0427 ,  N00019-81-C-0550,  and 
N00019-82-C-0425  and  Northrop  IR&D.  Round  Robin  specimens  differed  as  noted  in 
the  text. 

**A11  data  is  the  average  of  two  tests  except  F-18/C2  data  reported  for  IN9021-T851 
which  was  from  one  test.  Multiple  test  data  were  logarithmically  averaged.  All 
data  is  rounded  to  the  nearest  100  hours. 


238 


.ICiVvlV. 


’.VL-. 


-\W 


E  01 SPECIMEN  P-1E-2  SPECIMEN  TYPE  CCT 


I MULCTED  FLIGHT  HOURS 


E  01  SPECIMEN  P 3 


Figure  G8.  Crack  Length  Versus  Flight 


COMPANY 


AFWAL 


AFWAL 


n  .1  v "V i -j r%' 


n^-1  '  "J"  "V1  ■  wj 


TABLE  H3 

7090-T7E71  PLATES 
COMPRESSION 


ORIENTATION  COMP  YIELD 

STR  (KSI ) 


LONG.  86.9 

89.1 

86.7 

TRANS  94.5 

95.8 

92.8 
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TABLE  H2 


7090-T7E71  PLATES:  l/4(.4)"  x  16" 
TENSILE 


COMPANY 

TEST 

TEMP 

(6f) 

ORIENTATION 

ULT 

STR 
(  KSI  ) 

YIELD 

STR 
(  KSI  ) 

ELONG 

(%) 

AFWAL 

RT 

LONG 

87.8 

82.5 

10.0 

87.5 

82.6 

8.5 

87.2 

82.7 

9.3 

ALCOA 

86.4 

82.0 

9.0 

86.9 

82.8 

10.0 

85.6 

79.8 

10.0 

AFWAL 

TRANS 

89.8 

85.3 

11.5 

89. 2 

85.0 

12.0 

89.5 

85.1 

13.0 

ALCOA 


87.8 


82.6 


6.0 


TABLE  HI 

SUGGESTED  ALLOWABLES  FOR 
7090-T7E71  PLATES:  1/4 (.4)"  x  16" 


F  ,  KSI 

tu*  L 

85.6 

LT 

86.3 

Ffu,  KSI 

ty  L 

79.8 

LT 

80.7 

F  ,»  KSI 

cy*  L 

86.7 

LT 

92.8 

F_  ,,  KSI 

su*  L 

48.6 

LT 

47.0 

Fbu’  f1 

(e/D-1.5) 

127.9 

(e/D»2.0) 

166.2 

LT 

(e/D=1.5) 

132.3 

(e/D=2.0) 

176.7 

Fby*  ‘SI 

(e/D=l .5) 

108.0 

(e/D=2.0) 

123.4 

LT 

(e/D=l .5) 

113.5 

(e/D=2.0) 

132.8 

K.r ,  KSI  VlN 

ic*  LT 

23.5 

NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis .and 
are  not  necessarily  accurate  for  design 
of  hardware. 
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APPENDIX  H 
7090-T7E71  PLATES 


Comment:  The  material  was  originally  scheduled  to  be  supplied  as  0.25-inch- 
thick  plates.  Because  the  processing  parameters  required  to  produce  the 
plates  were  not  obtainable  on  the  available  equipment,  the  plates  were  0.4 
inch  thick,  with  recrystal i zed  surfaces  on  both  sides.  Participants  were 
requested  to  remove  an  equal  amount  of  material  from  both  sides  when  making 
specimens,  i.e.,  use  the  mid-thickness,  one  quarter  inch,  for  testing. 


NOTICE:  Suggested  allowables,  mean  trends,  and  trend 
curves  In  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware. _ 


RESULTS  OF  EXFOLIATION  RATINGS  AND  MET ALLOGRAPHS  EXAMINATION 
ON  SPECIMENS  7090-T7E71  AND  7091-T7E69  P/M  SHEET  AND 
PLATE  AFTER  EXPOSURE  IN  THE  MASTMAASIS  TEST 
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NOTES:  (1)  Lamellar 

(2)  Scroungy 

(3)  Tends  toward  Lamellar 


WEIGHT  LOSS  DETERMINATION,  EXFOLIATION  RATINGS  AND  METALLOGRAPHIC 
EXAMINATION  ON  SPECIMENS  OF  7090-T7E71  AND  7091-T7E69 
P/M  SHEET  AND  PLATE  AFTER  EXPOSURE  IN  THE  EXCO  TEST 
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NOTES:  (1)  Lamellar  -  Tends  to  exfoliate 

(2)  Tends  toward  Lamellar 

(3)  Scroungy 


7090- T7E71  Plat 

7091- T7E69  Plat 


FLIGHTS 

Versus  Flights  for  7091  Plate  Under  Mini -TWIST  Loading. 


1000  2000  3000  4000  5000  ‘'300 

FLIGHTS 

Figure  615.  Crack  Length  Versus  Flights  for  7091  Plate  Under  FALSTAFF  Loading. 


DIMENSIONS:  INCHES 
{ mm) 


I 


THICKNESS  0  i5 

4) 

Figure  G14.  Specimen  Used  to  Generate  Data  in  Figures  G15  and  G16. 
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MATERIAL  7475-7*735'/  SPECIMEN (S)  $2  /0  Ai&  NO  FLAW 

SPECTRUM  4O0  //&■ _  STRESS  4.2  >CS  /  W£  T 


Figure  G13.  Crack  Length  Versus  Flight  Hours  for  7475-T7351  Generated  by 
General  Dynamics. 
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Figure  612.  Crack  Length  Versus  Flight  Hours  for  7091  Plate  Generated  by 
General  Dynamics. 


SPECIMEN  P4  SPECIMEN  TYPE  CCT 


Figure  G10.  Crack  Length  Versus  Flight  Hours  for  7091  Plate  Generated  by  Northrop. 


SPECIMEN  P-1E-1  SPECIMEN 


Versus  Flight  Hours  for  7091  Plate  Generated  by  Northrop. 
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TABLE  H5 

7090-T7E71  PLATES 
BEARING 


ORIENTATION  e/D  BEARING  BEARING 

ULT  ( KSI )  YIELD  (KSI) 


LONG 

2.0 

172.9 

128.1 

172.4 

123.4 

166.2 

132.0 

TRANS 

181.2 

132.8 

181.5 

138.4 

176.7 

134.9 

LONG 

1.5 

131.7 

110.6 

127.9 

110.3 

129.5 

108.0 

TRANS 

132.3 

115.0 

136.4 

117.6 

134.4 

113.5 

256 


TABLE  H6 

7090-T7E71  PLATES 
FRACTURE  TOUGHNESS  ,  KJC ,  Kc 

KIC  KC 

(ksi  vTnT  (ksi  VinJ 


COMPANY 


ORIENTATION 


COMMENT 


TABLE  H7 


FATIGUE  DATA  FOR  7090  PLATES:  R  =  0.1,  =  1.0 


STRESS 

PS  I 

CYCLES 

FAIL  (1) 
NO  FAIL  (0) 

42000 

1 1000000 

n 

46000 

571  3  C  0 

1 

48000 

1890000 

1 

50000 

393200 

1 

50000 

242  0 5 D  0 

1 

60000 

355  0  0 

1 

68090 

1 854 "O 

i 
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TABLE  H8 


FATIGUE  DATA  FOR  7090  PLATES:  R  =  0.1,  K 


STRESS 

PS  I 

CYCLES 

FAIL  (1) 
NO  FAIL  (0) 

15000 

1  70000  00 

0 

17000 

If 0000  00 

0 

1  BO  00 

1290400 

1 

18000 

4172300 

1 

20000 

7491 "0 

1 

21000 

657700 

1 

23000 

293400 

l 

25000 

1 1 7  0  C 

1 

3  POf,0 

3300 

1 

35000 

1700 

1 

CONDITION/HT:  T7E71 
FORM  0.  40"TH  PLATE 
SPECIMEN  TYPE.  CT 
ORIENTATION  L-T 
STRESS  RATIO:  +0.  10 
FREQUENCY:  25.  00  HZ 


YIELD  STRENGTH:  82.6  KSI 
ULT.  STRENGTH.  87.  5  KSI 
SPECIMEN  THK:  0.  250-  0.  251 " 

SPECIMEN  WIDTH:  1.  501-  1.  503" 

REFERENCES: 


TABLE  H9 


FATIGUE  CRACK  GROWTH  RATES  AT  DEFINED  LEVELS 
OF  STRESS  INTENSITY  FACTOR 

DATA  ASSOCIATED  WITH  FIGURE  H3  INDICATING  EFFECT 

OF  ENVIRONMENT 

AFWAL 


MAfERlA!  : 
CONDI! ION: 

ALUMINUM 

T7E71 

70  VO 

L‘Ll  1 A 

K 

<K5J * IN **1/2) 

A 

E=  R.  T. 
LAB  AIR 

A: 

3.  28 

.  29C 

DEL  TA  K  B : 
MIN  C: 

D: 

3.  24 

3.  50 

.  420 

4  00 

fcK)5 

5.  00 

2.  05 

6.  00 

3  B9 

7  00 

6  20 

8.  00 

8.  85 

9.  00 

11.  7 

10.  00 

14.  7 

13.  00 

24  2 

DA/DN  (10**-6  IN.  /CYCLE:) 

BCD 


U  I  \  .  I  . 

HI  HUMIDITY 


.  291 


.  412 
.  752 
2.  01 
4.  25 
7.  55 
11.  7 
16.  3 
20.  9 
30.  6 


A 

DELTA  K  B 
MAX  C 


13.  SB 

14.  66 


27.  1 


31.  9 


SPECTRUM 


Spectrum  fatigue  crack  growth  of  7090  plates  was  evaluated  by  AFWAL. 

Both  the  standard  FALSTAFF  and  Mini -TWIST  spectra  were  used.  7090  plates  are 
inferior  to  the  baseline  7050  plates  and  also  to  7091  plates  as  shown  in 
Figures  H5  and  H6. 

STRESS  CORROSION 

ALCOA  reported  the  7090-T7E71  plates  has  good  resistance  to  exfoliation 
when  compared  to  7075-T6  plate.  Tabular  results  are  in  Table  H10  and  HI 1 . 
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406 


THICKNESS  -  0  a5 

A) 


Figure  H4.  Specimen  Used  to  Generate  Data  In  Figures  H5  and  H6. 
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7091-T7E69  FLATS 
7090-T7E71  PLATE 


7090  Plate  Under  FALSTAFF  Loading 


5003  10000  15000 

FLIGHTS 

Figure  H6.  Crack  Length  Versus  Flights  for  7090  Plate  Under  Mini-TWIST  Loading 
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NOTES:  (1)  Lamellar  -  Tends  to  exfoliate 

(2)  Tends  toward  Lamellar 
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APPENDIX  I 
7091 -T7E69  SHEET 


NOTICE:  Suggested  allowables,  mean  trends,  and  tren 
curves  in  this  document  were  developed  to  be  used  in 
a  cost  benefit  analysis  to  assess  the  potential  benefit 
of  using  the  material  in  a  structure.  These  suggested 
allowables  and  trends  are  not  considered  accurate  for 
design  of  actual  hardware 


TABLE  II 


SUGGESTED  ALLOWABLES  FOR 
7091-T7E69  SHEET:  0.063”  x  16" 


F.  , 

KSI 

tu’ 

L 

77.4 

LT 

79.0 

F .  • 

KSI 

ty* 

L 

72.6 

LT 

69.3 

F. 

KSI 

cy 

L 

74.9 

LT 

77.1 

FC11, 

KSI 

su 

L 

48.0 

LT 

48.4 

Fbu- 

KSI 

L 

(e/D=l .5) 

133.3 

(e/D=2.0) 

LT 

(e/D=l .5) 

166.3 

133.0 

(e/D=2.0) 

167.0 

^by’ 

KSI 

L 

(e/D=l .5) 

108.6 

(e/D=2.0) 

LT 

120.3 

(e/D=l .5) 

107.9 

(e/D=2.0) 

128.0 

ksi  ym 

L 


NOTE:  These  values  were  developed  to  be 
used  only  in  a  cost-benefit-analysis  and 
are  not  necessarily  accurate  for  design 
of  hardware. 


75.4 


TABLE  12 


7091 -T7E69  SHEET 
TENSILE  :  0.063"  x  16" 


COMPANY 

TEST 

ORIENTATION 

ULT 

YIELD 

ELONG 

TEMP 

STR 

STR 

(  X) 

(°F ) 

(  KSI) 

(  KSI) 

ROCKWELL  RT  LONG 

LOCKHEED-GA 

NORTHROP 

FAIRCHILD 

ALCOA 


79.7 

74.9 

12.3 

79.7 

74.5 

10.7 

79.3 

74.2 

10.8 

78.2 

73.2 

10.0 

78.0 

72.6 

10.0 

77.4 

72.7 

9.5 

80.4 

75.3 

10.0 

80.4 

75.2 

10.0 

80.5 

75.2 

11.0 

78.7 

73.3 

12.1 

78.2 

73.2 

14.1 

83.7 

78.0 

10.0 

82.0 

75.6 

10.0 

TABLE  13 


7091-T7E69  SHEET 
TENSILE 


COMPANY 

TEST  ORIENTATION 

ULT 

YIELD 

ELONG 

TEMP(°F) 

STR 

STR 

(%) 

( KSI ) 

(KSI) 

ROCKWELL 

RT 

TRANS 

80.9 

72.6 

12.4 

80.5 

71.9 

12.3 

80.8 

72.1 

12.5 

LOCKHEED-GA 

80.2 

72.8 

10.5 

80.6 

72.1 

10.5 

80.0 

71.9 

11.0 

NORTHROP 

82.0 

74.0 

11.0 

81.9 

73.9 

12.0 

81.9 

73.8 

12.0 

FAIRCHILD 

79.6 

67.0 

13.3 

79.5 

71.1 

15.0 

79.0 

69.6 

12.0 

78.9 

70.1 

12.5 

ALCOA 

82.1 

75.2 

10.0 

80.5 

73.5 

10.0 

84.4 

78.2 

10.0 
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TABLE  14 


7091-T7E69  SHEET 
COMPRESSION 


COMPANY 


ORIENTATION 


COMP  YIELD 
STR  (KSI ) 


i 

ROCKWELL  LONG 

75.7 

1 

* 

75.1 

• 

74.9 

3 

•i 

LOCKHEED-GA 

76.6 

76.4 

i 

76.3 

R 

77.0 

►** 

ALCOA 

81.0 

•?« 

77.6 

*  w 
«  1 

81.5 

I 


i 


? 
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> 


^y* 


TABLE  15 


7091-T7E69  SHEET 
COMPRESSION 


COMPANY 


ROCKWELL 


ORIENTATION 


TRANS 


COMP  YIELD 
STR  (KSI ) 


ALCOA 


TABLE  16 


7091-T7E69  SHEET 
SHEAR 

COMPANY  ORIENTATION  SHEAR 

STR  (KSI ) 


ROCKWELL  LONG  51.4 

48.9 

50.5 

FAIRCHILD  53.7 

53.0 

52.8 

53.9 

ALCOA  49.2 

48.0 

50.3 

ROCKWELL  TRANS  48.4 

50.0 

50.6 

FAIRCHILD  53.3 

53.1 


TABLE  17 


7091-T7E69  SHEET 
BEARING 


COMPANY 

ORIENTATION 

e/D 

ULT 

B.STR 

(KSI) 

YIELD 

B.STR 

(KSI) 
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1.5 

135.2 

111.7 

133.3 

108.6 

133.8 

109.9 

2.0 

168.3 

130.8 

166.3 

120.3 

170.1 

123.6 

ALCOA 

TRAN 

1.5 

133.0 

113.7 

134.0 

107.9 

135.9 

113.6 

2.0 

168.3 

133.3 

167.0 

128.3 

167.7 

128.0 

TABLE  18 

7091-T7E69  SHEET 
FRACTURE  TOUGHNESS 


COMPANY  ORIENT  Kc 

(KSI  M) 


LOCKHEED-GA 

87.4(a> 

82.5 

ALCOA  LONG 

75.4<(a) b) 

78.7 

(a)  6"  wide  CCT  panel 

(b)  16"  wide  CCTpanel 
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Figure  II.  Fatigue  Results  for  7091  Sheets; 
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Figure  13.  Fatigue  Results  for  7091  Sheets; 
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Figure  18.  Fatigue  Crack  Growth  Rate  Date  for  7091  Sheet, 
T-L  Orientation. 


STRESS  CORROSION 


ALCOA  reported  the  7091-T7E69  sheet  has  good  resistance  to  exfoliation 
when  compared  to  the  7075-T6  plate.  Tabular  results  are  in  Table  112  and 
113  . 
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NOTES:  (1)  Lamellar  -  Tends  to  exfoliate 

(2)  Tends  toward  Lamellar 

(3)  Scroungy 


RESULTS  OF  EXFOLIATION  RATINGS  AND  MET ALLOGRAPHS  EXAMINATION 
ON  SPECIMENS  7090-T7E71  AND  7091-T7E69  P/M  SHEET  AND 
PLATE  AFTER  EXPOSURE  IN  THE  MASTMAASIS  TEST 


■i<'WWJBIW,tlUjILRlmL,,i.|||  I.IWHHHHIUluiMti 


NO 

9i 

CM 

vD 

-3 

X 

6 

ui 

| 

«3 

i 

m 

1 

PI 

i 

m 

i 

© 

• 

V) 

M 

© 

i 

O 

i 

o 

1 

— H 

1 

rH 

i 

© 

g 

6 

O 

>-✓ 

© 

i 

o 

i 

o 

1 

o 

i 

o 

i 

o 

s 

V 

CO 

• 

• 

• 

• 

• 

• 

M 

a 

u 

M 

4J 

• 

< 

U 

K 

r“s 

CM 

i 

<r 

i 

vO 

» 

m 

i 

rH 

i 

00 

T4 

4»i 

B 

*3 

i 

CM 

i 

CO 

1 

-3 

on 

cn 

X. 

X 

o 

B 

rH 

i 

rH 

i 

© 

1 

n 

| 

cn 

t 

CM 

a* 

>-✓ 

• 

• 

• 

• 

• 

• 

« 

w 

M 

O 

CJ 

/""S 

r-s 

r"N 

rH 

CO 

CM 

CM 

cn 

rH 

« 

•u 

i 

*w» 

i 

w 

1 

i 

s—* 

i 

C 

a 

V 

i 

i 

i 

i 

i 

4J 

x 

< 

i 

i 

1 

M 

i 

i 

04 

<U 

H 

4* 

«s 

X 

4-1 

04 

04 

04 

a. 

04 

M 

O 

I  I 


e 

o 

•H 

oc 

4-> 

c 

co 

•H 

4J 

rH 

CO 

o 

OS 

44 

X 

w 

<J  o 


4  4 

0L'04&4PL40404040'0|pLf04OM&3U 


c 

o 

o 


3 

m 

<U 

or 


13 

« 


Vi 

3 

CO 


H 

o 

O 

O 

O 

O 

O 

O 

O 

O 

H 

H 

CM 

CM 

rH 

rH 

rH 

*H 

CM 

CM 

rH 

rH 

rH 

CM 

u 

(H 

H 

Eh 

H 

H 

H 

H 

H 

H 

Eh 

H 

H 

Eh 

H 

Eh 

tn 

*n 

*n 

m 

CM 

CM 

r- 

A* 

N 

A* 

CM 

CM 

o 

o 

e 

rH 

rH 

rH 

rH 

VO 

VO 

o 

© 

o 

o 

v© 

vO 

un 

in 

a 

•3* 

*3 

HT 

-3 

o 

o 

>3 

*3 

*3 

o 

o 

a* 

00 

v** 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

* 

a> 

c 

x 

u 

•3- 

<3 

<r 

-3 

I1** 

>3 

Hf 

-3 

IM 

a* 

•H 

r-N 

m 

un 

lA 

m 

m 

cn 

cn 

cn 

PI 

*n 

m 

•H 

rH 

0 

B 

• 

m 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

B 

o 

o 

o 

o 

rH 

»H 

o 

© 

o 

o 

rH 

rH 

ON 

ON 

u 

a 


rH 

rH 

rH 

rH 

—H 

rH 

ON 

ON 

Ov 

ON 

On 

ON 

Cs 

A. 

r~ 

Ps. 

vO 

vO 

© 

VO 

vO 

© 

w 

w 

W 

W 

M 

w 

w 

W 

W 

W 

W 

w 

o 

r^i 

e'¬ 

p-. 

P- 

P- 

r** 

r*N 

r>- 

vO 

NO 

rH 

H 

H 

en 

H 

H 

H 

H 

H 

H 

Eh 

H 

H 

Eh 

4-4 

1 

1 

i 

1 

1 

1 

1 

1 

t 

i 

i 

1 

1 

1 

4 

O 

O 

o 

O 

o 

O 

rH 

4— 

rH 

rH 

rH 

rH 

U1 

in 

u 

o* 

ON 

CT> 

04 

04 

Ov 

ON 

04 

Ov 

On 

ON 

ON 

r- 

X 

o 

o 

O 

a 

o 

o 

© 

o 

o 

© 

© 

© 

O 

© 

rH 

a** 

a. 

r» 

r«. 

r— 

fs. 

P» 

A* 

r% 

r** 

p- 

«-H 

B 

>4 

P 

5 

W 

48 

O 

O 

CM 

1 

CO 

1 

*4 

CO 

H 

5 

s 

5 

fi 

5 

X 

CM 

s 

X 

PM 

5 

X 

CM 

X 

rH 

S 

CM 

1 

CO 

/s 

/T4. 

i 

1 

i 

1 

1 

< 

1 

» 

1 

\ 

1 

1 

rH 

rH 

4-M 

CM 

cn 

• 

< 

4 

4 

4 

« 

to 

< 

4 

4 

4 

CO 

PQ 

1 

1 

W 

W 

e 

-3 

<3 

«3 

43 

sr 

■3 

rH 

rH 

rH 

4-4 

rH 

rH 

CM 

CM 

X 

« 

1 

1 

l 

1 

1 

| 

1 

> 

1 

1 

1 

I 

-3 

•3 

•3 

43 

^3 

•3 

r- 

p» 

N 

CM 

CM 

44 

• 

CM 

CM 

CM 

PM 

CM 

CM 

cn 

cn 

cn 

PI 

cn 

cn 

cn 

cn 

w 

in 

o 

O 

o 

0 

© 

O 

0 

© 

© 

0 

© 

0 

cn 

cn 

w 

•3 

•3 

-3 

S3 

*3 

«3 

^3 

^3 

<f 

*3 

-3 

m 

m 

rH 

i-4 

rH 

f-4 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

0 

m 

U1 

1/1 

U1 

in 

U1 

m 

m 

m 

u~l 

m 

m 

^3 

•3 

X 

293 


*U.S.  CPO  559-065* 


liil 


END 

FILMED 

11-85 


DTIC 


